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DATA PROCESSI NG SYSTEM FOR LOGICALLY ADJACENT DATA SAMPLES SUCH" AS
| MAGE DATA I N A MACHI NE VI SION SYSTEM FI ELD OF THE
| NVENTION 5 This invention relates to data processing systens and
nore particularly, to a data processing systemfor processing a stream

of data cont apxpAgPROCESSINE SUYSBEMNFOR! LOGIGRELY ADJATENTS DAY SAMELESS
in a rmachi ne Vi SI on system BACK! O THE

| N\VENTION 10 | (TMAGE DATA TN A MACHENE UISIQN SYXSIFMcations which

require the processing of enornous anmounts of data. |In nmany of these
applications, the data to be processed is received as a sequenti al

stream of |ogically adjacent dgimr5a0P! 38 INVENTION

5 ) This invention relates to data processing systems and

more particularly, to a data processing system for processing
a stream of data containing logically adjacent or related

data samples such as in a machine vision system.

BACKGROUND OF THE INVENTION

10 There are many data processing applications which
require the processing of enormous amounts of data. In many
of these applications, the data to be processed is received
as a sequential stream of logically adjacent data samples.
One example of this type of data is machine vision data. -

15 ! Machine vision 1s a specific type of industrial
'automation technology which extracts data from video images
and makes this information available £for process control
and/or quality control.

Much of the underlying technology used for machine

20 wvision 1is shared with other fields. CCD video camera
technology is used in camcorders and surveillance cameras.
-Digital image <capture hardware is used for desktop
publishing and multimedia applications. Image analysis
software such as the public-domain software application

25 program -“Image” available from the National Institute of
Health (NIH) in Bethesda, MD, is used for scientific image
analysis. Image analysis algorithms have received extensive
attention in academic research. Many companies, including
the assignee.of this-invention, have.built machine vision

30 systems by combining these inexpensive and readily available
-components. ' | ]

« ‘Machine vision technology is utilized 'in & number of

applications. There are four (4) major machine vision
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determining whether or not product packaging is intact,

10 whether integrated circuit component leads are in their
proper location and properly shaped, product logo or label
registration and correctness, and finished product inspection
itself. '

A vision system camera gathers a significant amount of

15 information which must be accurately and rapidly processed in
order to render a decision regarding the inspection '
performed. Machine vision data is generally presented as a
sequential stream of logically adjacent and related data
samples. Such volume and type of data presents a significant

20 hurdle to rapid processing given the sheer volume of
information and the relatedness of the data samples.

Software implementations and most hardware
implementations of prior art machine vision data processing
techniques involve processing one pixel of machine vision

25 data (one data sample) at a time. .Fixed length digital codes
representing unsigned integers (or bytes or binary vectors)
which are packeéd into words in a computer system’s memory
typically represent machine vision image pixels. In many
prior art systems, 1 to 4 pixels of data (one data sample) is

30 packed into eéch memory word but these pixels (data samples)
are processed one at a time by a program running on the
computer. PreSent'image processing systems also benefit from
the computer’s memory cache that is, the computer typically
fetches entire cache lines into its fast internal cache

35 memory, thereby minimizing the time spent accessing external

2



WD 99/ 21126WO 99/21126 o PCT/ US98/ 09 P4X/US98/09445
appl i cations namel y: 1) I nspection applications; 2) -
di mensi onal neasurenent; 3) object |ocation (for guidance or parts
pl acement); - and 4) part identification. These applications
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must be accurately and rapidly processed in order to render. a deci sion
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presented ash#: the overall speed of the system is directly proportional
to the speed of the computer. For many present machine-

10 vision applications, the general-purpose computers available
today can not run fast enough to meet the application
reguirements.

Accordingly, one of the primary challenges presented by
machine vision is integrating adequate computation hardware.

15 General-purpose CPU’s and image processing hardware designed
for other applications cannot meet the price/performance
ratio required for many machine vision applications.

A numper of devices have been developed to accelerate
computations on digital image data. These specially-

20 designed processors perform specific computations on an
image data stream much faster than a general-purpose CPU of
a similar size and cost. One example of such devices is a
pipeline processor. Previous image pipeline processing
architectures process image pixels in raster order at high

_25 speed, receiving' and, for many operations, generating one
new pixel each clock pulse. These devices are often used in
applications where they are connected directly into the
stream éf video data generated by the camera.

These pixel-pipeline processors can be useful for

30 machine visioh, but they are not optimal for many machine
vision applications. For a machine vision system, the
required speed is a function of the application, not the.
video data rate. Many machine vision abplications require
data rates that are substantially faster or slower than’ the

35 data rate of a standard video camera or other source of



sequential swoemrmed | ogically adjacent and related data FEFOS9R944DUCH
volume and type of data presents a significant 20 hurdle to rapid

processi ng given the sheer vol une of i nformation and the rel at edness of
the data sanpl es. Sof twar e inplenentations and nost hardware

i npl enent atj ons of g{hl or art machine vision data processing t echni ques
i nvol ve prddeags idabhe BikBrrofnaderi RE Figidplas Qidher (bpeugsat Aimbkne)

at a time. f%xe@séfﬁﬂﬁé'sg' %falpfﬁélfsplpeliﬁ@reﬁ@&éé@ﬂok‘gs'98§d wBERYRES

(or bytes or binary vectaor.s) are packed 1nto words in a conputer
systeni s rrmyon areypi d®ngy pm%%%mg nb@keneY vaprothiemdfRethi Keat . shah

many e éTEérD?%lﬁ 81‘8E83§ﬁgbxelo§t Fn d%ﬁ&l@i@%%émig%e' $e30

packed |nt eac ut t I Xe
processé&d oc:mé,tgtaratizenbgféoptogoaﬁwmthpgogﬁsshag opezeftfpgongr.. Present

| Tage processi nasystef® ALoechenellie! (Blin i AVECOUPULSLoeIRIDLY. CRGe

that is, the co ypr ca es entite cache Frhes

f ast |nterrpéerMMe mﬁbhnnenry;sihﬂre@qmpmnahlqnag ihe ai neospeatfactesgsi ng

external manner. Some systems use a %ision Eoprocessor which

operates directly on the image data stored in the memory

10 banks controlled by thé primary CPU, much the same way an
Intel 8087 or a Motcrola MC68881 performs £floating-point
computations on data stored in the memory banks of the Intel
8088 or the Motorola 68000 respectively. These systems
achieve a cost advantage by sharing a single memory

15 controller between the CPU and the coprocessor, but pay a
performance penalty because the CPU is intimately and
extensively involved in controlling the coprocessor.

Another existing machine-vision system architecture
uses a large number of simple vision processors which

20 operate on individual pixels or multiple rows or columns of
image data in parallel. The number of processors may be
expanded to build a very fast system, but the parallel
memory and interconnection circuitry is relatively complex
and expensive.

25 Another existing machine-vision system architecture
uses digital signal processing devices (DSP’s). These
devices may be programmed to perform operations required for
machine vision, but they are better at one-dimensional
signal processing required for audio or modem applications.

30 Another disadvantage of DSP based systems, both in wvision
and non-vision applications, is that although they may be
programmed to perform many different operations, careful
assembly code optimizatioh and detailed knowledge of the DSP
instructions are required to achieve optimal performahce.

35 In addition, the DSP engines typically require expensive,
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up tables are that they may be reprogrammed to implement

different operations, they may perform non-linear

10 operations, and they may be implemented using readily

available memory components. The disadvantages of_look-up

table implementations of computations include the

performance impact of re-loading one or more look-up tables

to change operations and the limited range of computations

15 that may be performed in this fashion.

SUMMARY OF THE INVENTION

Accordingly, one object of the present invention is to

facilitate exceptional price/performance for machine vision

20 and other processing systems while addressing many of the

limitation§ of the current technology. The invention

provides an innovative architecture which, in one

embodiment, exploits newly available digital memory and in

the preferred embodiment, ASIC (Application Specific

25 Integrated Circuit) technology. In addition, the present

invention provides a novel implementation of existing image

processing techniques. While the present invention will be

explained with regérd to an image processing system or

processing accelerator component of a vision system, this is

30 not a limitation of the present invention as many data

processing applications can take advantage of the disclosed

invention such as audio signal processing; digital signal
procéssing, or any other application where a 1, 2 or .more '

dimensional data set is to be processed. Additionally,
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cahera or qéggé %&5&8 egf in one memory or proceséor word, and by
processing all of the data samples stored in a processor

10 word simultaneously. This architecture may be used to
implement binary and gray-scale morphology, normalized
correlation, image arithmetic, linear and: non-linear
convolutions, histogramming, projection, segmentation, and
many other algorithms which are well known in the art® and

15 incorporated herein by reference. This invention uses
straight forward digital circuit implementations of these
computations replicated for each pixel and combined with
additional logic to process all of the pixels stored in a
word of image data simultaneously.

20 Pixels or other data samples received from a: aata
stream of logically related data samples are packed into
wider words for storage and transmission before and after
processing. For example (but not a 1limitation of the
present invention), four 8-bit pixels are packed into a 32

25 bit wide memory word, transmitted over 32 bit memory busses,
etc. The number of pixels being input (and possibly output)
each memory <clock <cycle corresponds to this natural
memory/bus organization. Since pixel processing operations
must be capable of starting and ending on any image pixel

30 boundary, the present system and method re-aligns and

! Haralick, Robert M. and Shapiro, Linda G. “Computer and Robot Vision, Volume II”, Addison-
Wesley, 1993. : : .

Gonzalez, Rafael C. and Woods, Richard E., *“Digital Image Processing”, Addison-Wesley, 1992,
Ballard, Dana H. and Brown, Christopher M.., “Computer vision”, Prentice-Hall, 1982
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processing may proceed at the full clock rate. The addition
of a buffer and a number of data path switches allows

10 multiple memory sharing and flexibly locating source and
destination operand arrays.

The present invention incorporates an internal
séquencing engine, permitting the data processor (processing
accelerator) of the invention to run arbitrary sequences of

15 operations without requiring intervention from an external
CPU. This sequencing engine reads simple instructions and
saves results in the dedicated processor memory bank(s).

The present invention also allows for snooping or
“capturing” of the image or other data to be processed into

20 the dedicated processor memory as it is transferred over a
burst-mode peripheral bus to another memory. This feature
permits the invention to receive data in the dedicated
memories while the system simultaneously transmits the data

" to the CPU memory for additional processing or to the

25 display memory for viewing.

Although the multiple pi#el per clock technique can be
extendeq to any number of pixels per word, four pixels per
bus or processor word, one bus or processor word'per memory
word, are .utilized in the preferred embodiment and

30 illusﬁrated, for exemplary purposes, in the descriptions

below.

BRIEF DESCRIPTION OF DRAWINGS

, Fig. 1 is a schematic block diagram of a data processor .

and processing accelerator according to one feature of the

7
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Fig. 4 is a schematic block diagram of a portion of the

processing accelerator of the present invention illustrating
10 the memory sub-system utilized by the present processing
accelerator;

Fig. 5 is a schematic block diagram illustrating a
simplified diagram of a pixel alignment unit in accordance
with one aspect of the present invention;

15 Figs. 6A-6D are schematic block diagrams illustrating
counters and the pixel alignment data shifter used to
implement the functionality of the alignment wunit in
accordance with one aspect of the present invention;

Fig. 7 is a schematic illustration showing the

20 operation of the alignment unit in accordance with one
aspect of the preseht invention;

Fig. 8 is a schematic block diagram illustrating the
addition of a FIFO to the data stream to solve a memory
latency problem with a single operand in accordance with one

‘25 feature of the present invention;

Fig. 9 is a schematic block diagram illustrat-ing the
addition of a FIFO to the data stream to solve a memory
latency problem with two operands in accordance with one
feature of the present invention; _

30 Fig. 10 is a schematic block diagram illustrating the
addition of a FIFO to the data stream to solve a memory
latency problem with three operands in accordance with one

| feature of the present invention;
" Fig. 11 is a schematic block diagram of one featuré of

35 the present invention illustrating the use of a result

8



WO 99/ 21126 WO 99/21126 . PCT/ US98/ 09445 pCT/usS98/09445

hi gh- speed nenory, resulting in an expensive data or vision pr ocessi-ng
system Anot her techni que used in existi-ng machi ne-vi sion ]
system architectures is to use | ook- up'tables indexed by 5 pixel values

or sinple functions of pixel values I npl ement_ normal i zed

correl ati onPahfest nkP ORI atWis 2 Shlaéd’ﬁli r BEMPEY nhehi HelVsidn. thmgr

advant-ages %ek‘ﬁhﬂgcbﬁtﬁl&tatlon WA thathes pa{yesltént i 18y; be reprogramed
to inplenent ferent oper ati ons, perfor m

he
non- | i near 10 oF)’éQat il@nsts %nﬁChF'ﬁé‘y'lCnﬁ?}OCEﬁe c?;mm egneydiegguncenf | y
avai | abl e %f@%@?@e&hﬁmnt—ﬂ&% diﬁ‘%ﬂ?éggﬁ& ﬁ]heé O‘f‘ie'skﬁbfle 48bLe path

I er| enment at1 ons utations or mance i rrpac
of re- I@admgrangemenrtorienl tbk- Ipresdnes lnvemtciocha@glewpedatmmns afiics idre

limted ranlggoggsgg%ug%tciqu§a¥%r;t hat nmay be perforned in this fashion.

Fig. 13 is a schematic block diagram of a word-wide

normalized correlation processing unit in. accordance with
one feature of the present invention;

10 Figs. 14A-14K are schematic illustrations of the
operation of a word-wide neighborhood formation image
processing unit in accordance with yet another aspect of the
present invention;

Fig. 15 is a schematic block diagram of the preferred

15 implementation of the word-wide neighborhood formation image
processing unit according to one aspect' of the present
invention;

Fig. 16 is a schematic block diagram of a word-wide
segmentation processing unit in .accordance with another

20 feature of the present invention;

Figs. 17 and 18 are schematic block diagrams
illustrating the operation of an internal processing
accelerator sequencing engine in accordance with another
aspect of the present invention; and

25 _ Figs. 13 and 20 are schematic block diagrams
illustrating the use of the snoop feature and the peripheral
bus interface according to yet another feature of the

present invention implemented in a machine vision system.

DESCRIPTION OF THE PREFERRED EMBODIMENT

30 The present invention features a novel data processor

20, Fig. 1, (herein also referred to as a processing
accelerator), for use in a data processing system 10. The
present invention contemplates that the invention disclosed

herein can be implemented by, within and with numerous types

9
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vision 20 and other processing systens while addressing many of the
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processed. wﬁ@%ﬂtiéggikg) are captured by a camera. The daég samples
15 may be analog or digital value data samples. As is well
10 known in the art, the individual data samples 15 are
themselves typically comprised of data elements such as bits

in a byte.

The stream of logically related or adjacent data 13 is
received by a data organizer 12, such as a digitizer or a

15 frame grabber in a vision system. The data organizer 12
receives the individual data samples 13 and groups' a
predetermined number of the data samples 13 into processor
words PO-Pm, 17 for transmission over data bus 26 to the
data memory 18 via the peripheral bus interface 230, data

20 path 121 and the memory controller 40. The processor words
17 each contain two (2) or more data samples 15. In the
preferred ‘embodiment, the data samples 15 are 8 bits in
length and four (4) logically adjacent or related such data
samples 15 are grouped by the data organizer 12 into one

.25 processor word 17. As will be explained further below, a
memory word can contain more that one processor word 17.

The data processor 20 controls the storing of the
processor words 17 into at least one memory 18 which forms
part of a larger memory subsystem, as will be described

30 below. Each processor word 17 comprising two or more data
samples 15 is stored under control of the data processor 20
which includés, in the preferred embodiment, at least one
memory controller 40 and one or more address generators 41.
Additional features of the present invention, which will be

35 explained in greater detail below, include a processing

10
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end at a processor word boundary; and one or more processing

units 42 such as neighborhood 42a, ~“correlation 42b,

segmentation 42c, and image arithmetic 42d processing units

10 which each perform a specialized task, as will be explained
below.

A typical machine vision system 10a, Fig. 2, on which
the data processor 20 of the present invention is utilized
as a processing accelerator, is described herein for

15 exemplary purposes. The vision system 10 includes a
digitizer 12 (frame grabber) as the data organizer, which
receives the stream 13 of logically adjacent or related data
samples, such as image data, from camera 14. The digitizer
12 may store image data 13 locally or preferably, for

20 optimum performance and lowest cost, place the captured and
grouped data samples 15 (image data) in a dedicated image or

data sample memory 18 using an embedded direct memory access

(DMA) controller 7. A data or vision data processing
accelerator 20 (the subject of the present invention), is
25 also provided. ' In the current invention, the processing

accelerator 20 is coupled to the data sample memory 18 by
memory bus 19, for storing and manipulating data samples 15
stored as processor words 17 independent of a vision system
CPU 16 and a vision CPU memory 22.

30 In one embodiment of such a vision system 10b Fig. 3,
captured images (streams of image data samples 13) from
multiple cameras 1l4a - 14d can be processed by the vision
accelerator 20, the embedded vision system CPU 16, or by a
host, CPU 24 in cases where the vision system is resident on

35 the host CPU peripheral data bus (e.g. as an adapter or

1
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memory data bus 19 width and in the preferred embodiment,
the peripheral bus.26 width. If the memory data bus 18
width and the peripheral data bus 26 width are not the same,
the processing accelerator 20 would reformat the processor
word 17 width to match the width of the memory data bus 18
or the peripheral data bus 26. The bus interface unit 230
would pérform additional packing of bus or processor words
17 into wider memory words when required. -

The digitizer 12 in connection with DMA Master 7 moves
pixel data samples in high speed bursts into a portion of
peripheral data bus address space. In the present
invention, this may be one of the image memories 18a and/or
18b, shared vision system CPU memory 22, host CPU memory 32,
or display controller memory 34.

Once a sufficient number of image data samples
(typically a full image) are stored in image memory 18,
processing accelerator 20 operations can commence. The
result of any such operation may be another image (result
array) or a set of data in registers. Data oiganizer 12,
DMA Master 7, and DMA controllers 232 (Fig. 1) in the wvision
accelerator 20 are provided to efficiently format incoming
image data and to move processed images and image. data
samples 15 stored in register data sets as processor words
17 out of the processing accelerator 20 into host or vision
CPU using bus 26 and host bridge 26b; to display controller
memory 34 for local display 28; as well as to any -de'vice

coupled over the peripheral data bus bridge 26a.

12
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Prentice-Hall, 1982 6 WO -
99/ 21126 . : PCT/ US98/ 09445 . signals
the validity of pixels throughout each processing oper ation.

For maxi mum perfor mance, pipelined burst-node Synchronous |

SDRAM
Dynani ¢ Random Ag'@@ssm%ﬁﬁify)s"&?ﬁb? R 428, sFigsed- ‘Plﬁe BsdMOTH2HEY on

mekes use ofceeledatdreRFIdOthe pi&sént 1AvERESbnOfbhthrkiseichd L PIAYEEe
I mage proceSS| ng units with an uninterrupted_streamof data so that

processi ng SilﬁlaG@é'edh&ShrﬁPSPﬁll | mepegl rgPatrohdezddi dPen  Theofmgmory
buffer and eXI Q.Irll.eq:lf dgg a, pat Eoﬁlﬂl@@é@@ a.lé.ﬁi(%ls’lﬁlém LEPh@ JTBIDE ¥at ion

shari ng and ocating source stination operand arrays.
The prdsenet tm:ent |r@$paqt@mqodnam@sy haarnks i hBarndi8b, gsngrefdingg 1in

engine, per ghibs0A il A éh PLEGESSYT gLREQGEEES"R, B and C 41la-41c, all
the required address and control signals to read or write
complete processor words 17 of image or ether data samples
15 at sustained rates of one processor word 17 per clock
10 pulse, per memory controller 120. '
The processing accelerator 20 described herein is
implemented on an integrated circuit, as an ASIC, although
this is not a limitation of the present invention. The
preferred embodiment of the present invention contemplates
15 that the memory 18 is implemented as burst mode synchronous
memory such as SDRAM, SGRAM, RAMBUS or other such memory
devices, commonly available presently or in the future in
the industry.

One feature of the present invention is the providing
20 of a data alignment unit 50, Fig. 5, which, together with
Address Generator A 4la and Address Generator C 4lc, solves
the problem of allowing the processing accelerator 20 to
process full processor words 17 of data when only selected
data samples 15 of data (certain pixels in a memory word)

25 less than the full processor word 17, are to be processed.
Exemplary aligner circuitry is illustrated in Figs. S
and 6A-6D. Figs. 6A-6C illustrate the counting circuitry in
Address Generator A 4la, alignment unit 50 and Address
Generator C 41lc, which generate the required width counter
30 preset and the array framing {(sor, eor, and eof) and byte
valid (byte_enable) signals. Fig. 6D illustrates one
embodiment of the actual data alignment circuit. - The
processing accelerator 20 scans pixels (processor words 17
each containing multiple data samples 15) in raster order

35 {left to right, top to bottom). The user specifies a

13



accel erat or ywoboafigs i nvention to run arbitrary.sequences of IferB8ie@idsONS
W thout requiring intervention froman external CPU. Thi s sequencl ng.

engi ne reads sinple instructions and saves results in the dedicated
processor nenory bank(s). The present invention also allows for
snoopi ng or "capturing"” of the image or other data to be processed into
20 the deditaxteingr edekems nthasg) as2i tand thengfumbresd ofepixels (data

bur st -node pegl Phef 3heBUSohO (AUGLRPT SHEPR ¥ne ARbocLEABYLE: — permits the

i nvention to recei ata’I'n nenorie I"e the system
si mul t aneousl y tImnshet presendaexamplet @ft lheCHMvemmiron f othaddkbcenaling

processing or tp the 25 I splay._menory £or. view ng. Al 1 ho t he
nultiple|ﬁ§&ﬁeikﬁa§?ﬁckzﬂecﬁﬁféﬁgsngn éfur Qéﬁ%g%kxp?% dﬁ?mﬁﬁﬁbeﬁgge’

pi xel s per twsrefdépar fpomeltheparser-supsl ed pbases valueord, tsonk2dHt8) 069,
processor rd per, menory . nord, are utilized, in th referred
enbodi nent Vg)l%ﬁld WI §OFAEdd, 3 M ORX e WOFSr y2IdERPBs Y’ Q"lhr'flet hglts
descriptionpl:0] bspewify the pixel offsetBREEF BESER T RBinok yDRAVENGS
Fig. 1 is a schematic bl ock di@g{am Qf a.data [processgr' .and }E)rocessi ng
accel er at orPARREREY ng tHHNRF bt uFedbR PEés [1:0] 56 'specify how many

additional pixels (data samples) are to be processed once
10 the number of memory (processor) words specified by width
bits [13:2] 54 have been presented on the Operand-A bus 86
by the alignment unit 50. The height parameter ' 58
determines how rhany “rows” of data samples will be fetched.

The alignment unit 50 and Address Generators A and C

15 4la and 41lc, Fig. 5, consider both the width and the least
significant bits of the base address and determines the
total number of words to be fetched from memory in each row.
The alignment unit 50 and address generators A and C 4la and
41c contain width 60 and height 62 counters, permitting them

20 to generate the start of row 71, end of row 73, and end of
frame 75 signals used by processing units 42 (Fig. 4), to
determine which individual pixels or pixel arrays are valid
on each clock pulse. The byte enable outputs 64 of the
alignment unit signal which pixels at the end of a row are

25 valid.

Figs. 6A-6C illustrate the counting and byte enable
functions of the address generators 4la and 4l1lc and the
alignment unit 50. The number of multiple-pixel words which
must be fetched from memory is computed as shown: The 1sb’s

30 of the base 52 and width 54 settings (2 in this example),
corresponding to 4 (four) pixels per word) are added
together and the two msb’s 55 of the three bit result (again
corresponding "to four pixels per word) are added to the
remaining msb’s 54 of the width setting (12 bits 4in " the

35 present example). The resulting value 57 determines the

14
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present invention; Fig. 2 is a schematic block diagram of a
machi ne vi sion systemincorporating the present invention in the form
of a vi sion processing accelerator; 5 Fig. 3 is a nore detailed

schematic bl ock di agram of a machi ne vi sion system i ncgorporating. the
present i nvBREPSR | Nalue { ferf obRfof WAdpRocRRURTIGORRERF & P8 ;in Address

Fig. 4 is acapbeamidrc ! oLk £hadtad Al iynrd Ahof $8¢ Thil AW 60
accel erator of thedgresent.lnventlon |IIustrat|n% 10 the_nenory
sub- syst em g¥cliesed 18m t HBipr PFeFL Lyl dgwn togkaer9br each row of

the source image. _

5 During the first state (immediately after initializing
the counter and following the end of each row), the start of
row (sor) signal 71 is asserted and the height down counter
62 is decremented. Each time the width down counter 60
reaches zero, the end of row (eor) signal 73 is asserted.

10 The height down counter 62 is initialized to the height
preset setting once before the operation is started. When
the height down counter 62 reaches 2zero, the end of frame
(eof) signal 75 is asserted on the last width down~-counter
60 (eor) 73 count.

15 The byte enable logic 77 in the alignment wunit 50
asserts all four byte enables 64 except during the eor
state. During eor state, the byte enable signal pattern 64
is determined by the two 1lsb’s of the base address 52
setting as shown. The byte enable logic 77 can be extended

20 to other bus widths as follows: when the width setting is an
exact multiple of memory words (width 1lsb’s=0), all byte
enables are asserted. For all other cases, the byte enable
pattern consists of (number of pixel data samples) one’s
shifted to the right by the 1lsb value with zero’s filled to

.25 the right. .

Note that the above discussion assumes "big—-endian”
pixel ordering that is, multiple pixels stored in memory
from left to right. The technigue is easily extended to
"little-endian"” pixel or data sample ordering and other data

30 sample/pixel widths where an individual pixel datum does not
cross a memory word boundary. _

Fig. 7 is an example of processing nine (9) pixels
(data samples) four (4) pixels per row, with a base offset

of one (1) pixel (beginning with pixel (data sample) labeled

15



Fig. 5 is aweobemsé c bl ock diagramillustrating a - sinplidd@dsdtioashsdm

of a pixel alignnment unit in accordance W th one aspect of the present
i nvention; 15 : Figs. 6A-6D are schematic bl ock diagrams illustrating
counters and the pixel alignment data shifter used to “i npl enent the
functionality of the alignnment unit in accordance with one aspect of

the presentPinvenffioan;the examplegi gn Fiigs & ,schieemsequehcestafatéventhodsng
the 20 operati . the alignnment wunit 1in accordance wth one
aspect of t%% %?gg%ﬁ%'invention; Fig. 8 is a schematic bl ock
diagramillustratingOnhe the afidrstonnmeimoayFl FEldeokt heyddea sttheam forstl ve

25" oat ur e BIRCHE B eBeRPoFniin oh7S . Cort1RT o iR B8 S U T o b 8T
di agr amsi | | Lstbe béd NgOt vhroughadel t i sn rekda fddnD hemdhe A8t arsi retoréd sol ve
a menory | at enc robl e LLh two operands in accordance wth one
feature of TMe %f%g%ﬂgngnvﬁﬂ%rg * 30 Fig. 10 is a schematic block
diagramillustragingohhethe a@diohidonmeimox | KQddk t heyslbd 4 stheanskeoadl ve
a nmenory | at enc r obl emvw i%eeco%%er,an%s in,ag ordapce w gh ne
feature of ’P%°B¥é%éﬂgeﬁﬁ9§nt"‘i ; g9 1P1¥SaSsc i & BPE@I?)
di agram of piwef&at upg ofhrough P7 is read from memory 18 and the
10 alignment wunit 50 outputs aligned processor word 70
containing the four (4) pixel data samples labeled Pl
through P4, and asserts byte enable signal 64a comprising
bits [3:0] and start of row (sor) signal 71, (Fig. 6).
3. On the third clock, processor word 1l7c containing
15 pixel data samples labeled P8 through Pll are read from
memory, after which the alignment unit 50 outputs aligned
processor word 74 containing the four pixel data samples
labeled PS5 through P8 and asserts byte_enable signal 64b
comprising bits [3:0) which together form a four bit byte
20 enable signal 64 with its associated meaning as shown in
Fig. 6.
4. On the fourth clock, the alignment unit 50 outputs
processor word 76 containing pixel data sample labeled P9,
and asserts byte_enable signal 64c comprising bits [3:0],
25 end of row (eor) signal 73 and end of frame (eof) signal 75.
It should be noted that two word fetches are required
before the first valid output is presented.
Fig. 6D is an example of one implementation of a data
shifter portion 80 of the alignment unit 50 for a four-pixel
30 wide memory bus with 8 bit pixels. Four (4) registers 82a -
82d hold the values of the previous four valid pixel data
samples (labeled PO through P3 for exemplary purposes) from
the 32 bit Data A Input bus 84. The present value, when
valid, represeﬁts the next four pixels (P4..P7). The 2
35 1sb’s [0:1] 52 of the base address setting determine how the

16
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buffer to along with a shared -nenory to allow a three . oper and
conputation with two physical nenories; Fig. 12 is a schematic

bl ock di agram of one feature of t he present invention illustratjng the
flexible dRiEgiat HUSE He aﬁ%ﬁ%ﬁ%’t‘e‘?nf?ﬁepﬁ?§§BﬁPtP-ﬁOeﬁP| shee pSFaad ith a

vi si on ontﬁ:ﬁﬁ.sde['Q @6cel thét &lio base leasE' gighdfieantSeiematsc bl OCk
di agram of a word-w de normal i zed correl ation gr ocessi ngsunlt i n

accor dance SAkert thenppraptiatefPerE pRegeah Mulsipilexer1§8a - 88d.s,
14A- 14K ang, et ot oheaot ot ’
éﬁgorﬂoodg? ob| ASbha!b@BSe60h b Sllgnea Bt wdrd.

wor d-w de nel ormation i mage 'pr ocessi ng uni t 1 n accor dance
with yeb anot herPippbiredfbuhet-modgrmemaripayvdft pgnsimilar memory

devices are preferably used in order to achieve maximum data
bandwidth. Examples of these are synchronous
dynamic/graphics random-access memory (SDRAM/SGRAM) and
RAMBUS DRAM (RDRAM). These devices accept an address and
10 read command and output the corresponding data at a later
time. In general, new commands are allowed to overlap
operations currently in progress.
These typeé of memories, however, have a read data
latency problem of several clock cycles. Accordingly FIFO-A
15 90 Fig. 8, which forms part of data path 121, Fig. 4, is
designed to negate Address Generator A 4la’s "in ready A"
signal when enough space remains in the FIFO-A 90 to
accommodate all additional words for which read commands are
currently pending. While this signal is asserted, Address
20 Generator A 4la is allowed to issue read commands (address
step A) to Memory Subsystem A, 120a. As each wvalid '
processor/memory word 17 is delivered by Memory Subsystem A,
120a, it is pushed onto FIFO-A 90. The alignment unit 50
takes valid processor words from FIFO~-A 90, aligns them, and
25 delivers them to the Operand A bus 86.

- Data flow from a DRAM may intermittently be slowed by
the necessity to cross from one "page" of memory to another.
Processor/memory words on the same memory “page” are
accessed rapidly, but a page boundary crossing requires the

30 memory to precharge, activate, and then transfer all the
words on a page to an internal cache. 1In the present
design, the two-bank architecture of typical SDRAM/SGRAM
devices has been exploited, but some processor/memory word
interruption is unavoidable {(e.g. when a page boundary is

35 crossed rapidly and repeatedly). Other interruptions occur

17



Fig. 15 is e i ¢ bl ock diagramof the preferred 15 inplgomdaahbae of

t he word-w de nei ghborhood formation i nage processing unit according. to
one aspect of the present i nventi on; Fig. 16 is a schematic -
bl ock di agram of a word-w de segnent at'i on processing unit in accordance
wi th another 20 feature of the present invention; Figs. 17 and

18 are ey irefidsickeyclesagvamemory i accsssasi by other sgenéisi on  of
an intern r sin accel erator sequencing engine in accordance
wi t h anot hgde'go‘ q%@’ge%?‘%ﬁ?% “hbtesent invention; and 25 Figs. 19
and 20 are s@EwmmEI ctwo bloackthrele agp®rand cohpusatidhpg ddie shoemnof inhe
snoop featyre and, t perj phera bus .interface .according to,yet_ anot her
feature of Lﬁliﬁas dg'glre'es %Ygi’m%{:lt}%nv?xﬁfieﬁﬁng’é’%?‘i H'nf“%acﬂﬂl%es vf%i%ﬁ\g B}
systems and, if Outlfout ReSERdAlicdy @n Ttle PRESERRED BYBOQIZVENh&Odata
The present_invention featyres a novg data pr.ocessor 20, Fi_g{_é 1,
(herein al Qf%%‘f‘b’r‘?’e?ﬂt(?eé@cé pPBEESFHg capa.%zitecef’ér RYTFPTHRY U i n By
dat a procezﬁdﬁ.&i&? el ¥esultheouffePr 8ECHIFAVE] | e gcONtENMRhAt &5 ,t hahdt he
i scl ose

i nvention herein can be inplenmented by, "within and with
numerous tyE&s 11, on each output or result port, a steady flow of
data is maintained.

10 Address Generator 4lc, Fig. 10, also generates byte
write enable [3:0] signal 96 permitting only valid
pixels/data samples to be written back to memory subsystem
120c. Thus, Address Generator C 4lc participates in the
alignment function described in Fig. 5 as part of the

15 present invention. The start of each output row is aligned
on a word boundary, but the width of the row méy be ény
number of pixels/data samples. Thus, the last
processor/memory word written in each row may not have all
pixels (data samples) replaced. Address Generator C 4lc

20 thus exploits the fact that SDRAM/SGRAM devices have
individual byte replacement capability.

FIFO C 94 performs a second important. function. Some
operations may produce more than one word of output data for
each input data set (e.g. feature extraction). Secondly,

25 some processing units 42 do not have the ability to stop the
flow of data on each clock pulse. Thus, FIFO C 94 is also
designed to negate its "in ready" signal when sufficient
space remains in the FIFO to fully "drain" the active
processing unit 42 of all data after the flow of input

30 (Operand A; B) data is stopped.

In the present implementation, Memory Subsystem B 120b
has no aligﬂment unit since it is always word aligned.
However, this 'is not a limitation of the present invention
as those skilled in the art can readily add such an aligner

35 to this memory subsystem also.
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processi ng systens. The data processor 20 of the present invention

is well
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mputations proceed at half speed because processing must

stop and the result buffer 94 must be copied to Memory

Subsystem 1 120b periodically.

For full flexibility, The two memorieé-(o, 1) in memory

subsystems 120a, 120b may contain either source or

destination data for a given operation. This is important

because after one operation, for example, the source for the

next operation may now be in the opposite memory. The Data

Buffer 102, Fig. 12, may be used either on the input of

output side in an operation.

In Fig. 12, both sources for a two or three operand

function may be in one memory in memory subsystem 120a,

12

Ob. When this is the case, the Data Buffer 102 is first

filled with data for one operand and then data for the

second operand can be fetched from the same memory. If

output is required in this case, it must go to the other

memory. Processing proceeds at half speed. Since output

data goes directly to memory, the C FIFC 94 is important in

smoothing out the data flow.

Similarly, when the operation produces an output which

must go to the same memory as an input operand, the Data

Buffer 102 captures the output data which is then dumped

vi

a the C FIFO 94 to the destination memory. To perform a

three operand operation in this case, one of the input

operands must be in the opposite memory.

The actual processing of data samples is performed by a

number of word-wide processing units, 42, Fig. 1, each of

which perform'a specific processing task.

Fig. 13 is a block diagram of the normalized

correlation processing unit 42b. This processing unit

accepts a processor word 17 of image data samples 15 from

19



The stream ¢fobpfised! | Yy rel ated or adjacent data 13 is o ' odd¥ 2
data organi zer 12, such as a digitizer or a 15 frane grabber Tna vision

system- The data organizer 12 . receives the individual data
sanples 13 and groups a predet er mi ned nunber of the data sanples
13 into processor words PO-Pm 17 for transm ssion over data bus 26 to
t he datlee NneinbgpméBtvivmitthespeviphehel olpte&'ainratd-rflans 880, aoai aa 2@orgat h

121 and the r ontrol ler 40._ _The processor ch contaln
two (2) or® Fgeé‘gﬁ'g%arrp 2 s from ) ghe Perf)‘wgf e%redeFrboqqul €I¥he
dgta sanpl e@rodés@déﬁ/m&ﬁbgysdbak cyc]JeJ&ngtIhuﬁﬂﬂgféuth( @O}d&gl?d:hey, all

adj acent or ted suc atg 15 are pe t he

or gani zer gﬁ GREE ef§°ﬁ5¥&%x§&ﬁe r§533§ sﬁ@PgFFF a?%%deﬁgfher

bel ow, 8 ar@ermrytmﬁe@artmwém oy e foat qa¢ p&eﬁpﬁeatiwaql léells
The data processor 20 controls t.he storing of the processor rds_17

into at | eas91aner ne@®®d 1BhGhi dRtEFNR  SupmERtior o NegigheLmenpt{i-106
subsystem &snthihiR§ (Eﬁﬂdm%a%fé bOUOW. surkash- RiAFESS@iavend 106, and

conprising two or nore data Ies 15 i s stored-under control’ of the
dat a proces%‘ém-qé-lmagevsﬁmﬁsrhemae LASt pseppéteppdatednodi ment, at

| east one "BIDEY CORALPhkerad@ apggone; or ERof aﬂ?&eséhgenﬁbf}ﬁﬂﬁidél

Addi tional featureS of the present |nvent|on expl ai ned
in  grdft ernetighkorhopd| RImatindenis pfeessimyltaneously forms four

complete 3x3 neighborhoods surrounding each pixel in the
word being processed. These complete neighborhoods are
passed in parailel to separate processing  units, and the
results from the processing units are re-assembled after

15 processing to form outgoing wozxrds. The neighborhood
processing logic keeps track of the boundary conditions, énd
feeds background data to the processing units in place of
all of the missing pixels for neighborhoods that are on the
edges of the region of interest.

20 First row processing: During the first clock cycle,
pixels 00/01/02/03 arrive and are stored in the “right”,
Fig. 14B. During the second clock cycle, pixels 04/05/06/07
arrive and are stored in the right, and 00/01/02/03
transfer to the “center”, Fig. 14C. During the third clock

.25 cycle, pixels 08/09/010/011 arrive; pixels 04/05/06/07
transfers to the “center”; and pixels 00/01/02/03 transfer
to the Mleft”, Fig 14D. No outputs are computed while the
first row is being transferred, but these words are fed into
the first word-wide row fifo.

30 Second row processing: During the first clock cycle,
pixels 10/11/12/13 arrive along with 00/01/02/03 coming from
the first ro& fifo, both these words are are stored in the
“right”, Fig. 14E. During the second clock cycle, pixeis
14/15/16/17 arrive along with pixels 04/05/06/07 £from  the

35 first row fifo. These new words are stored in the “right”,

20



10 ' wo9samyaencer 200, which allows the data processor pel/usos/opes at e
general ly i ndependently and autononously froma host CPU;, a dat a -
al i gner 50 which realigns data sanples 15 within a processor word 17
whenever data sanpl es to be processed 5 "cross over" the boundary between
two (2) processor word or when an array of data to be processed

does not st¥ptigr the %ﬁﬂcﬁ?sﬁrpl"@&g?so‘?um‘ﬂt ukBaripe anBi8RE" o MATS O

processi ng the UMidenhtdk’sucheag. neighbor hoghid?a, t&ahs el aheon A2t  full
segnentation 42c, image arithnetic_42d, and nor phol ogy 42e, 10 , processi ng

uni ts whi chneighbpehradm shasecallzchet R¥ocessed i | |the dgidhbrenood
bel ow. array” tYyprgpal %FSBéQElH?S'@ﬁléyséﬁﬁ%ﬂé%hcgiﬂy 2£; PRsWi €N the

the data processor 20 of t resent invention is utilized
5 Dborder value for values of “xx”. During the third clock
cycle, pixels 18/19/110/111 arrive along with 08/09/010/011
from the first row fifo. These new words are stored in the
“right”, while the words currently in the “right” move to
the “center”, Fig 14G.

10 Third row processing: During the first clock cycle,
pixels 20/21/22/23 arrive along with pixels 10/11/12/13 from
the first row fifo and pixels 00/01/02/03 arrive from the
second row fifo, Fig. 14H. Note that during this clock
cycle, the processing unit 42a is processing the right-most

15 neighborhood group of the previous row. During the second
clock cycle, pixels 24/25/26/27 arrive along with pixels
14/15/16/17 from the first row fifo and pixels 04/05/06/07
from the second row fifo, Fig. 14J. During the third clock
cycle, pixels 28/29/210/211 arrive along with pixels

20 18/19/110/111 from the first row fifo and pixels
08/09/010/011 from the second row fifo, Fig. 14K. '

This - forms the first full-valid group of four (4) 3
pixel x 3 pixel neighborhoods. The four 3x3 neighborhoods
processed during this clock cycle are shown in Fig. 14K.

25 Processing continues wuntil the 1last row, which which is
computed using values that are
draining out of the row fifos. There is no incoming data
while the last output row is being processed.

Figure 15 shows the preferred, although not the only

30 possible implementation of the word-wide neighborhood
formation unit 42a. The data enters from the Operand A bus
86, which, for purposes of the present example, carries four
pixels (data samples) in a  single processor/memory word.
This data goes into the neighborhood register array 87  and

35 also into the row 1 shifter 89. When the processor word 17
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as a procesdéAse! erator, is described herein for. exew
pur poses. The vision systen1 10 includes a d|g|t|zer

grabber) as the data organi zer, which receives the stream 13 of

| ogically adjacent or related data sanpl es, such as inmage data, from
canera 14. The digitizer 12 may store imge data 13 locally or

pref er abl y erftoexr 20 thept hasﬁlghpemhopdanregimtiet owestay o8/, pthee pheceagdur ed

and - grqQu a .saml.e in_.a d di cat ed. | mage -
data sanpl PO 1A oG AT otBoddnd dFPRE RENGry EeecestrBIC)Rpged
control | er pZ20right datp2lmirghtyi spR@rdgha, mEmtepR3rdght. ac @ attdme?0a
(the subject_.of . the Eresent I nvention “prov Qe ln,the

2
current inv@idnPTo ﬁﬁSBFo@@§5|ﬁfr1&e§ﬂx§9%raﬁgﬁ 26 colIRRTYd ¥AEh
dat a sappl elenery the bpixelsnefdata bsamplesf orinst Ohé ng‘ra@d;ufanr@gieteng

data sanples 15 stored as processor, words 17 | ndependent, of @ visiop

system | RSSINE . a i GIPXETRRIMGIE 220085t 10R 1Py (R entGERRERL of
such a vi sisdyiysd £8) 18RdH thes, £inaldgntk edheNBYESEEst ey t@frd MagRldat a
sanpl es 13) from mul tiple caneras 14a - 14d_can be processede%ethe

vision the eFéghtohang ’E‘ﬂ%teﬁﬁé‘ﬁéecf”vl*éh%n“éﬁsfttem 185 dressiedy to
host CPU 24dni XASES tWRe rfp sigHb o i R SY?\&th'h% reskEest ofn tie *heghes!
CPU perlpheral data bus (e.g. as an adapter
however, are needed to copy and flll in the “center”. After
the first row of processor words 17 has arrived, the Row 1
shifter 89 starts to provide data into the second row
registers labeled plOright, pllright, pl2right and pl3right,
- and after another full row of data arrives, the Row 2
15 shifter 91 provides data into the Row 3 registers beginning
with the registers labeled pO3right, pO2right, pOlright, and
pO00xright. When valid data enters the central word labeled
plOcenter, pllcenter, pl2center and pl3center, word-wide
neighborhood processing commences with the four parallel
20 neighborhood processing units 42a, through 42a; receiving
sets of neighborhood values simultaneously. The
neighborhood values are extracted from the neighborhood
register array 87 as shown in the bottom of Fig. 15.
Fig. 16 shows the first stage of a word-wide
25 segmentation processing unit 42d useful in a machine vision
system. The word-wide segmentation processing unit 42d only
generates results when transitions are detected in .the
stream 17 of pixel image data. Each pixel is determined to
belong in either the foreground or the background according
30 to a threshold criteria. A transition is defined as any
point in the data stream where a foreground pixel is
adjacent to a background pixel.
At the beginning of the processing of a “row” of image
data, the segment code 120 is initialized to zero. Each

35 time a transition is detected, the segment code is
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peri pheral card). The vision systen110b often includes a | ocal

di splay 28, and serial and discrete input/output ports 30 to support

real -tinme machine vision operations and i nt erconmuni cati on with ot her
devices. 5 For maximum efficiency, the digitizer 12 in this

i npl ement atingreperkedniising @dslesl 122 dagadsamglessilip)word ige ggner@beds
bi t pi-xel s @5&%&%@%&? fﬂf% é%i&ﬁtaﬁgﬁg)Hﬂgckran51elbﬂrgerT$D ithplement

(processor Wwo | east the rrermry data bus 19 w dth and
in the pref'eluedfenbbdpnsmtymhltllﬁegmq fower 2Binelishat al timee in

remOry dat 0y phBessl) didk g | Neos! 'ngﬂ:eef o 4R Bohis, 28000 1.9 Nt

t he sane, processi ng accel erator processor
word 175w déimhbtanéohsijpe dettirmioie t Whetbeor yeaddt aoﬁusl:h‘sB fourondnduming

per phoral SELUS A JE BUS A SHECTALLHR 18: Y O oI na.
Four one~-bit comparators 128a-128d simultaneously determine
whether there 1is a transition between ‘each of the four
adjacent pixels in the processing word, or between the left-
10 most pixel of the current word and the right-most pixel of
the previous word.

Up to four transitions may occur simultaneously,
although with real image data it is much more likely that
there will be no transitions at all or a single transition.

15 The total number of transitions to be processed during this
clock cycle is computed by adder 130, which also
incorporates the possibility that the current word is the
last word of the row (eor signal 130).

The word-wide segmentation processing unit 42d always

20 generates a special transition record for the end of the row
(eor 130), so the maximum number of transition records that
must be generated could be as high as five at the end of a
row. The transition record is encoded into a single 32-bit

" word 134, and therefore this processing unit 42d can

.25 actually generaté up to five processor words 17 of result
for a single word of input. The interface between this
processing unit 42d and the operation sequencer 210 (Fig.
18) shown in Fig. 16 only permits the word-wide segmentation
processing unit 42d to generate one word of result per clock

30 pulse, so when it is necessary to generate more than one
result word, the incoming data must be stalled while the
results are generated. This is implemented by using the
total number of transitions 136 to control a signal that
immediately shuts off the incoming .data when the total

35 number of transitions is greater than one.
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17 into W dgyo9®sfasy Wor ds when required. : The-digitizeﬁcﬁﬁ
spee

connection with DVA Master 7 noves pi xel data sanples in

bursts into a portion of . peri pheral data bus address space.

In the present 20 invention, this nay be one of the inmage nenories 18a
and/ or 18b, shared vision system CPU nenory 22, host CPU nenory 32,

or display contrasl| themsegmgnd4record resansea&engéﬂeﬁ&ﬂédnunhernohbénage
data sanpl es

cal lLy a full are,stored _in i e, Meno
e oy oubs i trapbblEpERotS Hrihiad Hihe SRdntRECAReRmInY AaFL BY 1
result of a;syrrswhe@pebatnmmyabetaaouraert lf@gelt(resulgbnerat&rd.ay) Thas a
set of data i re%?sters Dat a oFgan zer DY%I and DVA
control | ers §ure) PPAMIFE & 8ﬁ°cess&88eﬁ§9% %ﬁ? pYBvFHEdaFo
efficiest!yri DI MBbeledC 8 NUoRE asTafieerdlats omd E@azﬁ@i’@:.oﬁr PRASSRelcd | BRYES
and imge _data sanples 15 stored in register data sets as processor

wor ds 1%t of the processing accel erator 20 into host or vision

CPU using bus 26F§<gd hpst bndgeraé@s tRofli SEhay SQQﬁéﬁEEEr 200 nemorxh%
for local display 28, as well as to any device 35 cCoupled over the

peri pher al Eﬁ@ge@gslgwpggéogggeads simple instructions from one memory
bank and writes results to the other memory bank. Only four

10 instructions are supported: WRITE, READ, GO, and STOP. The
op-code for the instruction is encoded in two bits, and the
remaining bits contain the register address for the register
specified by tﬁe READ or WRITE instruction. The remaining
bits are unused for the GO and STOP instructions. The

15 WRITE instruction writes the next word found in the
instruction stream to the register specified by the regisfer
address portion of the WRITE instruction. The READ
instruction reads the value from the register specified by
the register address portion of the READ instruction and

20 outputs the value of this register to the outgoing data
stream. The “program” used by the sequencer engine 200 is a
sequential block of instruction words and WRITE operands;

 and the “output” is a sequential block of register values.
The sequencer engine 200 allows the processing accelerator

25 to operate without CPU attention.for significant periods of
time.

The. sequencer 'engine 200 runs entirely from the
dedicated memories 18a, 18b, permitting the processing
accelerator 20 to perform arbitrary operations without

30 requiring CPU 16 attention.

The sequencer engine 200, Fig. 18, controls the address
and data selectors such that the address of memory subsystem
0 120a is supplied by the instruction pointer 202 and the
address of memory subsystem 1 120b by the write data pointer

35 204. Similarly, data from memory subsystem 0 120a goes to
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The nmenory subsystem 120, Flg 4 of t he processing accel erator 20 of
t he present  invention features one or nore dedi cated hi gh-speed
menory controllers 40. The nmenory controllers 40 are conpletely

respon5|ble for the operation 5 of their respective nenory banks 18a, 18b,
generating, F35P A 9@annchidaks V\fr‘f‘ﬁn afiiFesS §énaasore ArerOBKd Sebél’ét&ﬂ:

all - thelrfﬁ@bredﬁ@ré‘é@uéﬁ'_@eﬁoﬁbbobeﬂ&%%b% t&gfles?&praaﬂkaeses and
conpl ete processor words 17 of inmage or "other data sanples

sust ai ned r%&%@so@nénﬁer©§e§§gisﬁstdﬁtaper clock 10 pul se, per menory
control ler 120. yem 2 rg gsprgfsssreecﬂeae' E%Orfgﬁugﬁﬁﬁéibegdﬁﬁfa‘%‘%s‘S

i npl ement ed on an |nt circuit, as an A hi's I's not
alimtéti onpplied pbﬂsehbelnweﬁtrnqtlonThpolntepreﬂ@?red e Fbegiene moxgis

the present.4 %fﬁ' 00 CoPLELR!' LS insthiAtibHE MBUPM YedlriBel™! (@RS aS

bur st node sync ronous
Instructions are fetched into FIFO A 90a and interpreted by

the instruction decoder 206 under control of the instruction
sequencer 208. On a WRITE instruction, data from a selected

10 register is written via FIFO C 94 to memory 1 120b addressed
by the write data pointer 204.

On a GO instruction, the instruction sequencer 208
waits until any data remaining in FIFO C 94 has been written
to memory 1 120b, then FIFO A 90a is cleared, flushing any

15 pre-fetched instructions. Finally, the processing
accelerator operation sequencer 210 is started. During the
operation, the operation sequencer 210 controls data flow
between the memories 120 and processing units 42 via FIFOs
A, B, and C 90a, 90b, and 94. The instruction sequencer 208

20 waits for the operation sequence to complete, saving the
address of the next instruction in an internal pfogram
counter. When the operation completes and any result data
remaining in FIFO C 94 has been written, the instruction
pointer 202 is re-initialized to the saved next instruction

25 address, FIFO A 90a is cleared, and sequencer instructions
are re-fetched into FIFO A 90a. When valid data (the next
instruction) is present in FIFO A 90a, sequencer 200
operation resumes.

A similar action also takes place when the sequencer

30 200 is started under CPU control. In this instance, the
program counter and instruction pointer 202 are both
initialized to the address of the first instruction in
memory O 120a, all FIFOs are cleared, and the sequencer
waits for the first instruction to appear in FIFO A.

35 On a STOP instruction, the instruction sequencer 208
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menory such wo oAyl SCRAM RAMBUS or other such nmemory g‘i‘)ﬂsgﬁﬁyus
comonly avail able presently or in the future in t he |ndus

One feature of the present invention is the providing 20- of a data
alignnent unit 50, Fig. 5, which, together with Address Generator A
4la and Address Generator C 41c, solves t he problem of allow ng the
processi ng addélsernatarl Z2ny odata pernzisinguih PIBOeSsOd harsdbekh ofrikaten

when onlysle s 15 of .data (certajn pixels in a nenory
word) 25 Iegs %ﬁg“%rtyhe fﬁtfb %’%orgcgelgeso e ors éﬁ rf?a)itb%&)pr ocessed.
Exenpl ary al i gnefax rmaxu.myum sefficsenayedf naFi gystém imphemére Ohy HRilgs.

- h it CGe tor A 4la,
o gnent | Braseniy SERCLGE, G848 SEeeR neqrBaaT, o PR AR AR

requi redswi dith datat esafPlesr eget gandahheinagey ftaTivEg HE&Sen®Orin anthe
eof) and by 6D |Ilustrat es

b | '
one 8&dﬁ§r?tte%of prf’l(:lggtsgggﬁa?gg%]a?ﬁgn% ;S&ﬁ)maﬂ?mgt‘iyr @ft well Tg in

processi ng adctlosr TrW, HbSEANSr pd%ﬁd)ﬁaﬁpé@ﬁﬁﬁ&?leﬁofn@ﬁlo% orAkample
containing nultiple data sanples.1%) in raster order 35 left to right,

top to bottdd.S mqq.]‘%an%g%§lyse%§ipfllaé@.ngaa captured image whlle making
13 the image available to the processing accelerator. Another

10 example is making the image available to the vision system
CPU as well as to the processing accelerator so that two
different vision operations can run concurrently. In a
third related 'example, the vision system CPU renders
graphics on a captured image while the processing

15 accelerator processes it. To make multiple copies of an
image doubles the bandwidth requirement on the peripherél
bus and increases latency. The current invention solves
this problem by a snooping technique.

A simplified version of the snooping feature of the

20 present invention is shown in Fig. 19 (with only the shared
CPU memory 22 shown). The digitizer/DMA 12 is set up to
write image data 13 to a primary target address, which, in
the current example may be in shared vision CPU memory 22,
host CPU memory (not shown), or display memory(not shown).

25 Snoop handshake signals 220,222 between the digitizer 12 and
the vision accelerator 20 control the digitizer/DMA 12
activity. When the processing accelerator 20 can accept a
known amount of data 13, it asserts the READY signal 222.
The digitizer 12 then commences a DMA operation, sending a

30 limited number of words over the peripheral bus 26 to the
primary target, the CPU memory 22. When the digitizer 12
becomes peripheral bus master, it asserts the SNOOP signal
220. . The processing accelerator 20 captures each processor
word. 17 as it traverses the peripheral bus 26 wusing this

35 signal and additional peripheral bus data transfer control
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starting address (base) 52 and the nunber of pixels (data sanpl es) per
row (width) 54 to the nearest pixel. In the present exanple of the
i nvention, the processing accel erator 20 processes four pixels per

menory word, 5 therefore fromthe user-supplied base value bits £24 0] 69,
bits [24:2]5igRatsy a Thendde iy RCRRSRESY ali Pdagess the snogped,daitpy

the pi-xel off sgh i%lafgé)%émaﬁgvrm Wo§ fhg antm@«.rryal Bl | Bdpure Wdatrl%s@ts
[1:0] 56 specify how nany dltlonal pi xel s (data, sanplesg are to be

processed @RREDILOX h%3ﬁuhﬁe‘?16f REmo gnoringe dhorperiphesal pbysf téd?gl%‘/:
W dth M dgrdds: z-lgéélgaveTHseRaabqs%&tg%glomééﬁei%egeeé\ BYS s86n as

t he allgnnent uni t hei ght ~ paraneter det erm nes how
many "rbws'datfa de;aatyeaepl @@mmmcebe angt chemains negatemeuaitnénn@aﬁa uiias 50

and Addres ggpeégépéé fhafﬂa§é1§emé}9 agd 41c, Fig. 5, consider both the

wi dth and t
The circuit pictured in Fig. 20 adds address and data

paths for exchanging peripheral bus data with registers and
memories in the processing accelerator. The peripheral bus
10 interface 230 uses standard technology and contains
additional FIFOs for buffering transmissions betweeh the CPU
16 or digitizer 12 and the processing accelerator. Because
the peripheral bus interface 230 operates in burst mode, it
can transfer data efficiently to sequential memory
15 locations. As a peripheral bus target {slave) the
peripheral bus interface supplies an address and exchanges
data with the processing accelerator 20. The supplied
direct target address 232 may be used to directly address
image memory 18 and register locations, or, on peripheral
20 bus to memory write cycles, the destination address may
alternatively be supplied by the DMA input address generator
234. In snoop mode (described above), data targeted to
another peripheral bus device is captured in a special snoop
FIFO and written to image memory 18, also under control of
25 the input DMA address generator 234.

The peripheral bus interface 230 also contains a
peripheral bus master circuit. This circuit reéds data
from memory 18 addressed by the output DMA source address
generator 236 into the peripheral bus interface master data -

30 FIFO within the peripheral bus interface 230. Peripheral
bus destination addresses (in CPU, Host, or display memory)
are supplied by the output DMA destination address generator
240. .

. Modifications and substitutions by one of ordinary skill

in the art are considered to be within the scope of the
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signi fi cantwolybfz¢ Of the base address and determ-nes theperpn :
nunber of words to be fetched fromnenory in each row. ?ﬁgwg??gkﬂgnL

unit 50 and address generators A and C 4la and 41c contain wdth 60 and
hei ght 62 counters, permtting them20 to generate the start of row 71,
end of row 73, and end of frame 75 signals used by processing units 42
(Fig. 4), present déngenthenwhihdich nds viidtialtopibeel 3imitedxexcaptaysy akthe

valid-. on_each .cl ock ) The byte enable outputs 64 of the
al i gnnent f$h}msi¥§%§§wﬁ$g%§gixels at the end of a row are 25 valid.

Figs. 6A-6C illustrate the counBhay asdcbyimeénabte functions of the
address generators 4la and 41c and the alignnment unit 50. The nunber of
mul ti pl e- pi xel words which nmust be fetched fromnenory is conputed as
shown: The Isb's 30 of the base 52 and width 54 settings (2 in this
exanpl e), corresponding to 4 (four) pixels per word) are added

together and the two nsb's 55 of the three bit result (again

corresponding to four pixels per word) are added to the remai ni ng nsb's
54 of the wdth setting (12 bits in the 35 present-exanple). The
resulting value 57 determnes the 14
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preset value—#ﬁ+~%he-mrdth"domm‘counters 60 in Address Cenerator. A 4la

and the al i gnngnte Uil salh replhS counter 60 'SH BSBEENEDQ'I
val ue down to z ﬁﬂ % w' of t he sourcer gﬁe i ng

the first state fter ini%ng t he BERLACER an
follow ng the e t he st row (sor) signal 71 is
asserted and the helght domm count er 62 i s decrenent ed. Each tine the
wi dt h down count er aches zero end of row,(eor) signal 73 is

asserted. 10 The he|%h‘?a%vﬁreﬁﬁﬁ?é’t‘%ﬁy?geﬁ“m EPEPE2IEANE5 the hei ght

preset setting ofic@abef ekgahhee@peifair Aedes vElnd tad. 1ea/¥1@none sb&&emllgm
down counter 62 reaches zero, the end of frane %@g Si 75 is
asserted orsiFRAMa9f WAdeh SRRREIHN o7 Pluréél(-é’oﬂf %‘Er%ilylgdjacent-rhe

byte enablgatd 08ifp1dd, hAdl Fer Jrig@miBilng WidigHhhl representation of
5 a predetermined number of said plurality of 1logically

adjacent data samples into a processor word;

at least one data sample memory, for storing a
plurality of said processor words;

a data word aligner, responsive to said memory, for

10 receiving at least first and second said processor words,
for selecting at least one data sample from said first
processor word and at least one data sample from said second
processor word, and for providing at 1least one aligned
processor word comprising said predetermined number of said

15 plurality of logically adjacent data samples, said aligned
processor word including at least said selected at least one
data sample from said first processor word and said selected
at least one data sample from said second processor word;
and '

20 a data processor, responsive to said data word aligner,
for receiving at least one aligned processor word comprising
said predetermined number of said 1logically adjacent data
‘'samples, for simultaneously proéessing said predetermined
number of logically adjacent data samples received as said

25 at least one aligned processor word, and for generating at
least one data processor result based on said simultaneously
processed predetermined number of logically adjacent data
samples received as said at least one aligned processor
word.

30

2. The processing system of claim 1 wherein said
logically adjacent data samples include image data, each of

said plurality of logically adjacent image data samples

A
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eor state, the byte enable signal Tigt$lern rm ned by the two

asserts al | wiomgriizst e enabl es 64 exggpt E E"EE B‘?Placed SpeirRises/6ddlid NY
| sb's of the base address 52 settqng a " byte enabl e | ogi ¢

77 can be extended 20 to other bus—w-dths as foll ovvs when the width
setting is an exact nmultiple of nmenory words (width Isb's=0), all
byt e erFERTEs el ng senee Pixghr o Ilmﬁgﬁer dakgesframeapytimag@blte be

pattern Comsiqles &g | WHBED AT 101%0 103! B EABLAS) s0RFeA a1 Sl e

right by t ue wth zero to 25
that the sdEmplkes drepysseots adiasent pbxglencn%nlmage phaied (fﬂr@mmglqlhat

IS, nultlpl or ' r I I o] h
t echni gue |§naf2éa *’?/ Z)%t eﬁgje%é%%g&r’o Xp?i {5 é'%equl?d|e":]:ah"(i p|d>£<{ég 'inem(?ap" stor?s
ordering aret oleestd&lwaa 30 sz eppxebs widtimagshedatantogdiheduds pmxel
dat um does nat ry word boundary. Fig. 7 is an

exanpl e of ﬁﬁ SS|ng |ne ?%?Dplxels (data sanples) four (4) pixels
per row, with a base offset of one (1) pixel (beginning with pixel

(data sanpl e) l%Pgled&he processing system of claim 1nwheré§% said data
processor further includes at least one data processing

10 unit.

4. The processing system of claim 3 wherein said at
least one data'processing unit is selected from the group
consisting of: a neighborhood processing unit; an arithmetic

15 ©processing unit; a segmentation processing unit; a
morphology processing unit; and a correlation processing

unit.

5. The processing system of claim 2 wherein said data
20 memory transfers and said data word processor receives at

least one processor word each processor cycle.

6. The processing system of claim 1 further including
a memory address dgenerator, coupled to said at least one
25 . data memory, for addressing said memory to provide said at

least first and second processor words.

7. The processing system of claim 2 further including
a neighborhood image processing unit, for forming at least
30 two neighborhoods of predetermined size around at least two

pixels of image data.

8. The ‘processing system of claim 2 further including
a neighborhood image processing unit, for forming at least

35 two neighborhoods of predetermined size around each of said
D —
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P1). For the exanple in Fi g 7, ll'rﬁ|§gggencﬁwl ﬁgllmlll‘ fol | ows:
1. On the first menory clock] cycl nennry/processor
word 17a contai ning pixels (data - I abe through P3 is read
fromnmenory 18 and stored |n the alignnment unit 50. 2. On the
second nenoak clesitcytelce, admcemtopdxels mepinage odessorstwred 1Tbgether
cont ai ni ng Iabeled P4 through P7 is read from
menory 18 a% t%}é;{%?}é‘?éé‘%yn%n‘?&umt outputs aligned processor

word 70 cont ai ni ng the f our (4) p| xel data sanples labeled Pl

and start of Tow 1sor)TafyRapERasifel ¥eEen" 68 CUMA I Verril, hEi dBbar,

processop wprbdesseontis nicompled to. a data bus, said data bus for

transporting data from said data organizér to a primary data
sample target device; and

wherein said data processor furthef' includes a data

capture device, for controlling the simultaneous capture of

10 data samples being transmitted over said data bus to said

primary data sample target, and.for storing a copy of said

data samples in said at least one data sample memory.

10. The processing system of claim 1 wherein said at

15 least one data sample memory includes first and second data
sample memories; and '

further including at least one processing sequencer,

for reading instructions and processor register values from

said at least one data sample memory, and for writing at

20 least processor register values to at least said at least

one data sample memory.

11. The processing system of claim 1 further including

at least one data sample memory'controller, for executing

.25 data sample memoiy control instructions while said at least
one data sample memory is providing sequential data sample

values as processor words.

12. A data processing system for image data, comprising:

30 a data organizer, for receiving at least one sequentiél
stream of data comprising a plurality of adjacent image data
samples, each of said plurality of adjacent .image data
samples representing one pixel of image data from an image
to be processed, and for organizing a digital répresentation

-
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. 15 pi xel da% s maﬂieadlafﬁéeﬁiﬂé pRbdh P11 _ar

after which the al T gnne Tygee BEEN
containing the four pix MED REP t hrough P8 and
ri

jed P
asserts byte_enable sig : 0] which together
forma four bit byte 20 enable signal 64 with its associated meani ng as
shown in of Fag. Peast two oﬂ s@idt heldoatity clodckadideent i gnayd dath 50
out put s esspr wor d contai ni.ng pixel data sanple |abeled P9, -
and assertss%gﬁ e iR gfﬁﬁﬁ?s%ﬁcw‘aﬁ%h sing bits [3:0], 25 end of row
(eor) signal 73 gpd tedsef bhene detnf) sampbé 7hemory, fodt steriggbea
noted that two vvord fe%ches are required before the first valid output
i s present @furality orpsaidgPrPceafcL AFRE7 of one inpl ementation of a
data 5 shdftgatROr kodid 8Q10fgrdie, al +&spBRsivai t £80 fsia f:ﬁbﬁoﬁjé%e' £30
wi de nenory bus with 8 bit: pixels, Four (4) registers 82a - hold
the val ues ¥FCehBiRg eAtouseRBlr §AFFtE Fidel SEGPRY PIAGRAFXS WOASredIPH

through P3 {o1eexenyp! %rry PEsBESe fiABYe ddtie 32mbit DefSmAddiRUt £hust84.

from ;
process&ﬁ%?[ayﬁi

The present val ue, whe valid, représents the next four pixels
(P4..P7). P¥RCOSSOr W95ds apg: Ht sheagt tpre biBagaddesss ssanliagfaemepaifle
how t he second processor word, and fod® providing at least one

10 aligned processor word comprising said predetermined number
of said plurality of adjacent iﬁage data samples, said
aligned processor word including at least said selected at
least one imagé data sample from said first processor word
and said at least one image data sample from said second

15 processor word; and

a data processor, responsive to said data aligner, for
receiving at least one aligned processor word comprising
said predetermined number of adjacent image data samples,
for simultaneously processing said predetermined number of

20 adjacent image data samples received as said at least one
aligned processor word, and for generating at least one data
processor Tresult based on said simultaneously processed
predetermined number of adjacent image data samples received

as said at least one aligned processor word.

.25
13. The processihg system of «claim 12 further
including a neighborhood image processing unit, for forming
at least two neighborhoods of predetermined size around at
least two pixels of image data.
30

14. The processing system of claim 12  further
including a nelghborhood image processing unit, for forming

at least two neighborhoods of predetermined size around said

aligned processor word. ______________;———-

- Tl
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pi xel s nust be realigned for presentatlon on the Qperand A out put bus
86. The two base | east significant bits 52 sel ect the appropriate port
on each nmultipl exer 88a - 88d To provi de at OPA Qut bus 86 a
re-aligned processor wor d el i ned burst-node nenpries 18 or
simlar menory 13-dedi cegaEPe p?%‘P%‘F%L L99usetV$FeBr defo% o e HABGIUM
data -  bapgwhdilinExanpl es of these are synchronous dynam c/ gr aphi cs
random access frenory ( SDRAM SGRAM and RAMBUS DRAM (RDRAM) . These
devi ces accept af SadrefIgandzRF. rfqw Wﬁmm@n@tohﬁaﬁt oRe ERTuEsekRii ng
data at a | t r d v

oper ati ons %E?éentﬁflqgﬁnogrgss%wﬂg 41 ese t gegdgkbgg% ﬂﬁ%gé‘ﬁéé?
however 5 hagsamplesad dach of |sakdc\pinodlily ofofevsljdcanitockimyge egdata

Accor di ngl ysﬂnﬁ?eé representing one pixel of image data from an image

to be processed, and for organizing a digital representation
of at least two of 'said plurality of aaj-acent image data
samples into processor words;
10 at 1least one data sample memory, for storing a
plurality of said processor words; and
a neighborhood image processing unit, responsive to said at
least one data'sample memory, for receiving at least one of
said stored processor words comprising at least two of said
15 adjacent pixels of image data samples, and for forming at
least two neighborhoods of pixel image data of predetermined
size around each of said at 1least two adjacent-pixels of

image data stored together as said processor word.
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DVA

during refresh cycles or nenory accesses by other agents (e.q.
controller). For a two or thr2§ perand conputation, as shown in
Figs. 9-11, data must  be valid on both fBut ports (A and B) 5 and, if
output is produced on the result-C bus 92, the data destination device
must be capabl e of accepting it. By providing a result buffer or
FI FO 94, Fig. 10 and 95, and Fig. 11, on each output or result port,-a
steady fl ow of data is maintained. 10 Address Cenerator 4lc,
Fig. 10, also generates byte wite enable [ 3: 0] si gnal 96
permtting only wvalid pi xel s/ data sanples to be witten back to
menory subsystem 120c. Thus, Address Generator C 4l1c participates in
t he al i gnment function described in Fig. 5 as part of the
.'_m
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15 present wyegdgsy). The start of each outpat rowis align n
word boundary, but the width of the row may be any nunberepdcré'f’s”%!’“g

pi xel s/data  sanpl es. Thus, t he | ast processor/ menory word
witten in each row may not have all lxels (data sanples) replaced.
Address Generator C 41c 20 thus expl oiqlé the fact that SDRAM SGRAM
devi ces have I ndi vi dual byte replacenent capability. : FI FO C
94 perforns a second inportant function. Sone operations may produce
nore than one word of output data fqr o eachgn

. g.
§2 dof not have

feature extraction). Secondl vy, 2@ LE(LI._TE pb %S| ng units
the ability to stop the rowon :I(p-c%pul e us, FIFOC
94 is al so desi gned to negate |E$§ n rwan f@ dh i ci ent
space remains in the FIFOtofuIIy [ cesping unit
42 of all data after tNh g @@a st opped.
In the present inpl ementgtlon, A3 al i gnnment
unit since it is alwayy 8ogd i wever, #Ahis Is not a limitation
of the present inventidng ® din the art can readily add
such an aligner 35 to tﬁigﬁm
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For greater econony, efficiency, and flexibility, it is necessary to.
share nmenories. Fig. 11 shows the addition of a.Result Buffer 95 and
address nultiplexer 100 so that I\/Eg%g Subsystem 1 120b can be
shar ed. Three operand 5 conputati offS¥proceed at half speed because
processi ng nust stop and the result buffer 94 nust be copied to Menory
Subsystem 1 120b periodi or full flexibility, The two

menories (0, 1) in penory. subsystens 120a, 120 y contain
either source or]10 destination®@data for a given opefation. This is
| mport ant because after one o tion, for exanple, fhe source for the
next operation nay how be in the% i menory. The ta Buf fer 102,
Fig. 12, may be usefd either on thgcl-'-)liﬁp of out put gide in an
operation. =5°>
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In , both sources for a two or three operan I on
may be in gjlzﬂie%ﬁé ry in nmenory subsystem 120a, 120b. gﬂ“ﬁgﬁlﬂ&ggl .S

the case, the Data Buffer 102 s first filled with data for one operand
and then data for the second operand can be fetched from the sane
menory. If 20 output is required i n5f26s case, it must

menory. Processing proceeds at half speed.
directly to nenory, the C FIFO 94 is inportant
data fl ow. Simlarly, when the operat
25 nmust go to the sane nenory as an i nput oper
captures the output data which is t
destination nenory. To performa
one of the input operands nust bed X
actual processing of data sanples is Q
processing units, 42, Fig. 1, each
processi ng task. Fig. 13
normal i zed correlation processing unit
unit 35 accepts a processor word 17 of i nmage
19
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alignnment unit 50 via the Cperand A bus 86, and a word of tenplate
data from the Operand B bus 87 every processor/ menory cl ock
cycle. Duri-ng each clock cycle, all of the correspondi ng pixels (data
sanples) in the two words 5 are nultlﬁy together in four (4)
conput ational cells 10la-c, and the internal summation registers
104- 106 cont ai ni ng sum of -i mrage~104, sum of -i mage-squared 106, and
sum of -i mage-ti nmes-tenpl ate 105 aréﬂall updat ed. Figs. 14A-14K and
Fig. 15 show how the word-wi de 10 ¢pei ghborhood formation unit 42a
si mul taneously fornms four conpl@t e 3x3 nei ghbor hoods surroundi ng each
pi xel in the word being procégsed. conpl ete nei ghbor hoods
are passed in parallel to separate pr units, and the
results fromthe processing units {3e re- after
o
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15 Processiigpediye Orm outgoing words. . The nel ghGeniogtnes

processi ng I'og eps track of the boundary -conditions, and

background data to the processing units in place of"’ all of the m ssing
pi xel s for nei ghborhoods that are on the edges of the region of
interest. 20 First row processi n§f25 During the first clock cycle,

pi xel s 00/01/02/03 arrive and are stored in the "right", Fig. 14B.
During the second cl ock cycle, pixels 04/05/06/07 arrive and are
stored in the right, and 00/ 01/ 02/ 03 transfer to the "center"”,
Fig. 14C. During the third clock 25 <cycle, pixels 08/09/010/011
arrive; pixels 04/05/06/07 transfers to the "center"; and pixels

00/ 01/ 02/ 03 transfer to the "left", %i g 14D. out puts are conputed
while the first rowis being transfetred, butvx hese words are fed into
the first word-wide row fifo. 30 Skcond rowprocessing: During the
first clock cycle, r——ptxels 46/-4frt24B-artve- Ferm-vyi th 00/01/02/03
com ng from t he !irst row fifo, boh]these worjds farq are stored in the
"right", Fig. 14E. ,During the secondke d

arrive along with pixels 04/05/06/07 f
new words are stored!in the "right", O

These
20
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t he processor words currently in the "right" nove to the "center"

Fig. 14F. This forms the first full nei ghbor hood that will "be
processed in the nei ghbor hood array/ The processing un|t
automatically fills in the 5 borde$%§al ue for values of "xx". Duri ng
the third cl ock cycle, pixels 18/19/110/111 arrive along with

08/ 09/ 010/ 011 fromthe first row fifo. These new words are stored in
t he "right", while the words currently in the "right" nove to t he
"center", Fig 14G 10 Third row processing: During the first clock
cycle, pi xel s 20/ 21/ 22/ 23 arrive along with pixels 10/11/12/13 from
the first row fifo and pixels 00/01/02/03 arrive fromthe second row
fifo, Fig. 14H Note that during this clock cycle, the processing
unit 42a is processing the right-nost

o
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15 neighb oup of the previous row . .During the secg ock
cycle, pi xg‘?g%g'g”g §/26/27 arrive al ong with pixels 14/ 15/%&9?’019?)8m t he
first row fifo and pixels 04/ 05/ 06/ 07 fromthe second row fifo, Fig.
14J. During the third clock cycle, pixels 28/29/210/211 arrive
along with pixels 20 18/19/110/111g/pgom the first row fifo and
pi xel s 08/09/010/011 fromthe second row fifo, Fig. 14K Thi s
forms.the first full-valid group of four (4) 3 pi xel x 3 pixel .

nei ghbor hoods. The four 3x3 nei ghbor hoods processed during this clock
cycle are shown in Fig. 14K 25 Processing continues until the |[ast

row, which which is conput ed using values that are drai ning out of
the row fifos. There is no incom ng data while the last output rowis
bei ng processed. Figure 15 .shows the preferred, although not the
only 30 possible inplementation of _the word-wide neighborhood
formation unit 42a. The data enters f@mthe Oper and A bus 86, whi ch,
for purposes of the present exanple, cagries four pi xel s (data
sanples) -~ in a single processor/nennry.mord Thi s~data goes into the
nei ghbor hood regi ster array 87" and 35<(also into the row 1 shifter 89.

When t he processor word 17 21

O
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eniers the nei ghborhood regrster array 87, the processor word 17 is
stored in the four pixel registers: | abel ed p20ri ght, p21right,

p22right, and p23right. Each tinme a valid processor word arrives,
the data "steps" forward with 5 all o? F%e

"right" registers novi ng to the corresponding position in the "center
regi sters, rad+hep 4oty ~-t-6-the->keft-~

hand nmost pixel on the "left" side is needed to conpl ete the

nerghborhomd All the pixels on the "right", 10 however, are needed tio

pi xel s (data sanpl es) in t he

+eghaﬁﬁs-—GHHr-———FM&4+ghh

copy and fr,II in the "center". After "5 the first row of processor vvor:ds

17 has arrﬂved the Row 1 shifter 89 starts to provide data into the
registers |abeled plorigfy, pliri@ht, pl2right and pl 3rijght,
and after §nother full row of data arrlgfs, t he Row 2 :

second row,
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15 shlfter fdes data into the Row 3 registers beginni h the
registers I‘gé Fbﬁ pO3ri ght, pO02right, pOlri gh? and pOOr | t Ws
valid data enters the central word | abel ed pl Ccenter, pllcenter
pl2center and pl 3center, word-w de nei ghbor hood processi ng conmences
with the four parallel 20 neighborhoogqq/psocessing units 42a[err]
through 42a4 receiving sets of nei ghbor hood val ues '
si mul t aneousl y. The nei ghbor hood val ues are extracted fromthe
nei ghbor hood register.array 87 as shown in the bottomof Fig. 15.

Fig. 16 shows the first stage of a word-w de 25 segnentation
processing unit 42d useful in a machine vision system The word-w de
segnentati on processing unit 42d only generates results when
transitions are detected in the stream 17 of pixel inmage data. Each
pixel is determned to belong in either the foregroupd or the
background according 30 to a threshold criteria. A t r \nFQURPIXELIe]i ned
as any point in the data stream where a f{oreground p|xel WORDS
adj acent to a background pixel . At _ghe beginning of thg procegsing

""" 1| tiEMGEYL O fero.

of a "row' of inmage dat a, "' “the segnent” code 120 is i
Each 35 ti T S T T de
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I ncrenment ed usi ng adder 122, and a result word is gener at ed cont ai nf ng
information about the transition. To inplenent ‘this functionality

whi | e processing four pixels at a timg q/ one processor ‘word 17, four

threshol d conparators 124a-124d 5 sinmultaneously determ ne V\/net her each of

the four incorp pi xel s 126a- 126d Lin the foreground he
<r’:fone bi t conparatm 1 si mul t ane us y determ ne

backgr.ound. 8q
whet her ther® g transition bet®Reng|eadlr the fopr adj acent
pi xels in the pr ing word, or betweenkt I'®k- 10 nost}pifkel of the
current word and ri ght-nost pixel of _dth?l revi ous wofd. Up
to four transiti my occur sinmultaneougllyc| 5| al though Wthi real image
data it is much | i kel y that t her@|w|l no transijiophs at all or
a single transi tomei ——:
- m
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15 The tot gogsiigg of transitions to be processed during thcrasesin8d49Ck
cycle is conputed by adder 130, whi ch al so I ncor porates the.

possibility that the current word is the | ast word of the row (eor

si gnal 130). The word-w de segnentation processing unit 42d al ways
20 generates a special transition recpgpgor the end of the row (eor
130), so the maxi mum nunber of transition records that nmust be
generated could be as high as five at the end of a row. The
transition record is encoded into-a single 32-bit word 134, and
therefore this processing unit 42d can 25 actually generate up to five
processor wg;&g@l? of result for a singlg word of input. The
interface b this prgog ' aQd the operation sequencer
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men the total §35

a signal t # ! di ately shuts off the inconing data v
nunber of tr hJions is greater than one.
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As the segnent- record results are generated, the nunber of transitions

is counted down, and the-incomng data 86 is permtted to resunme as the
| ast result is generated. Thi s §Qg§5tectUre permts the processing
accelerator 20 to run at 5 full spee S long as there is one transition,
per word or | ess. Fig. 17 illustrates how the sequencer 200 of
the . present invention reads sinple instructions fromone nenory

bank and wites results to the other nmenory bank. Only four 10

I nstructions are supported: WRI TE, READ, GO and STOP. The op-code for

remai ning bits contain
speci fled by the READ or WRI TE
: and STOP

the instruction is e

the regi ster addressjf

i nstruction. The rengg
72
L
&

the register

by

bits are unusedjfor
i nstructi ons.

RESULT-C
95

OP-B

90a-\\
FIFO
A
9m~\

A

l
|
|
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15 VWRITE wpdoiyfdsi On wites the next word found in pBewsesnodds

I nstruction streamto the register specified by the register addr ess
portion of the WRITE instruction. _ The READ  instruction
reads the value fromthe regi ster specified by the regi ster address
portion of the READ instruction and devaﬁtputs the value of this register
to the outgoing data stream The "progrant used by the sequencer
engine 200 is a sequential block of instruction words and WRI TE

oper ands; and the "output” is a sequential block of register val ues.
The sequencer ' cessing accelerator 25 to operate
wi t hout CPU at eri ods of tinme. The
sequencer eng from the dedi cat ed nenori es
18a, 18b, per accelerator 20 to performarbitrary
operations wt ' guencer

e ion for significant
n& 200 runs entirely
t he processing

t
oﬁ%@l requiring CPU 1

engi ne 200, Fi controls the addr and.data sel ectors [jsuch that
t he address of ry subsystem O p20a4q is supplied by the instruction
poi nter 202 and &he address of nenpry gubsystem 1-120b by thef wite
data pointer 3 SImtarly, fqg menory subsystem O 120a goes to
24 :
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A 90a and data fromFIFO C 94 goes to menory subsystem 1 120b. The
sequencer 200 generates register addresses and reads and wites

regi ster data. — — -~ — — Memgry wor ds a‘@ tched from sequential addresses .
5 supplyed by the instryction poin g 202. These words

contain a_gtream of instructiions as described (above). I nstructions are
f et ched ilrmo FI FO A 90a and!tinterpreted by the instruction decoder 206
under cohtol of the |nstrudt|on sequencer 208. On a WRITE instruction,
data frotz sel estpd R regilster is witten via FIFOC 94 to nenory 1 120b
addresset:ig by |t evstrlte ata pointer 204. On a GO instruction,
the insty t|on g err*:r 238 waits until any data remaining in FIFO C
94 has bepg Wit o nenory 1 120b,&then FIFO A 90a is cleared,
flushlng| y

REGISTE
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N
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- 15 pre-fet ofipshpgest ructi ons. Finally, -the
accel erator operation sequencer 210 is started. During the operati.on,
t he operation sequencer 210.controls data flow bet ween the nenories 120
and processing units 42 via FlIFGs % nd C 90a, 90b, and 94. The

I nstruction sequencer 208 20 waits for tﬂ /%geration sequence to conplete,
savi ng the address of the next instruction in an internal

'processi BgTus9s/n9ads

program

counter. V\E’MEL%CQ@BIINAHTECOWI etes and any result data remai ning in
FIFO C 94 has been gw ERE
re-initialize ais
cl ear ed, anE EﬁgL ' EQ A 90a.
When valid &tai(khe hext A 90a,
sequencer 2&) " o] opefatipn ) 3 al $0 takes
pl ace when khe D110) v1c] pu S v =~ ' nthis
| nst ance, @:e P ﬂfam@mﬁ"“m pot-Ai-af—20- S bot h
initializedQo thk adbresk _of| thel firkt ihstrbctibn ih neforyvl0 120a,
all FIFGs ale clgpred} anfl the sepuenger pai tp fof the filfst
I nstruction”}o pearfIn FTFg A Bo on STPP T hRStryctt ¢n, |the
I nstructi onlsl\§ Yeer 268 5
& 8
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until any data remaining in FIFO C 94 has been witten to nenory 1 -
120b before operations are halted. . For rraxi mum ef fici ency of a
system i npl enenting the present i nvquﬁg is often necessary for
separate copies 5 of data sanples (e.g mage) to be present in the
dedi cated processing accelerator 20 nenory as well as in vi sion CPU,
host, .or display controller V\rrzlrrg [ ' aneously

di spl aying a captured IF@% ' able to the
processi ng accel erat or R g MR ANRge avail abl e
to the vision system X §6Q§!pgrator o)
that two di fferent ROMO ) In a
third rel ated exanpl € ; SRUTsRtes———4+3¢ on a
captured | mage while the proce55| n?:IG 14F
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- 15 accel er ¥@boAPEesses it. To make nultiple copies of arpcrusIsvds

doubl es the bandw dth requirenent on the peripheral bus and increases
| atency. The current invention solves this problem by a snooping
t echni que. A simpl i fied versi t he snooping feature of the 20
present invention is shown Fig. 19 f only the shared CPU nenory
22 shown). The digitizer@QPMA 12 is set upto wite imge data 13 to a
primary target address, Whigﬁ, in the current exanple may be in shared
vi sion CPU nenory 22, hiist CPU nmenory (not shown), or display
menor y( not shomg}..ZE..Sndbp_handshQ¥e signal s 220, 222 between the
digitizer 12 an the Vi sion acdel erator 20 control the digitizer/DVA 12
activity. Wen the processfi ng acceljerator 20 can accept a known anount
of data 13, it asperts thg READY sijgnal 222. The digitizer 12 then
comences a operation,| sendingfa 30 I|imtpd nunber of words over the
peri pheral bus 26]jto the primarly target, tpe CPU nenory 22. When t he
digitizer 12 aeﬁ S rU ralf b ster] it asserts the SNOOP si gnal
220. The prpcess} ng celfer g 20 c res epch ; d. 17 as
it traverses]the oerE? er al t5§ 26 jusi this signal and addi tijonal
peri pheral bus dafz2™ ST | F gl |id ool o 26
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signals. The vision accelerator 20 pl aces the snooped data 17 in imge
menory 18 using an internal- DVA i nput address generator 234 in Fig. 20,
i gnoring the peripheral bus target Sﬁggress signals. The READY si gnal
222 is negated as soo cap? commences and renmai ns negat ed
unti|l data has be | mge nenory 18. The circuit
pictured in Fig. 20 a nd data @ paths for exchanging

peri pheral bus data w and rges in the processing
accelerator. The p interfac uses st andard

t echnol ogy and cant O buf fering transm ssions
bet ween the CPU pi | d the pH@e@ssing accel erator.
Because the perip 230 opecntes in burst node, it
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15 locatiopfpognuds a peripheral bus target (slave) . tpegyuses/ooads

peri pheral bus interface supplies an address and exchanges data wt-h
the processing accelerator 20. The supplied di rect target
address 232 may be used to directly address i mage nmenory 18 and

regi ster |ocations, or, on peripheral 20 bus to nmenory wite cycles,

the destination address may altéaﬁﬁﬂively be supplied by the DVA i nput
addr ess gener at or 234. In snoop node (described above), data
targeted to anot her .peripheral bus device is captured in a special
snoop FIFO and writfen _to inpge nmenory 18, alpo under control of 2

P34, The|] peri pheral bus interfjace
ripl bus master cirguit. This circuit

the i nput DM&addre ge{fator
- il

0\ .. esd by the ouf py

er b

230 al so confgi

reads data urce addresgs
generator 236 i o miser f ace mastg 30 FIFO wifthin
t he peri pher]al gge 230 ri gher al K g
addresses (ijn CPU, HostlFar disphay y) aje é by the outjput
DVA desti nat)i on address gener at or 0-% ficptions and
substitutiorjs_by one of ("gratTary] sk g*‘ \ t he art‘”ﬁiﬂ_lc nsi der & tqg be
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CLAI M5

or gani zer,
of logically adjacent data sanpl es,

wo $921186 dat a processi ng system conpri sing:
for receiving a sequenti al

PCIEIISO8/09445

stream of data conprising a pl urahty
and for organizing a digital

representation of a predeternined nunber of said plurality of logically
adj acent data sanples into a processor2

menory,[Tes 10 sard gat a-argani zer, storing a plurali ty of said
pr ocessjor ‘ gb Bnsive to said at | east one
data sgnpl e st and second
wor ds, [for s romsaid firpt processor
word a at I word, and fjor
provi dijng at d predetermped
nunber jof ur g saiDAPAI gn
processpor. ARRBESS| (di PATH,
GENEHATORS FIFOS
BUFFER, '
‘ PROCESSING
ADDR. I MEMORY UNITS
GEN SUBSYSTEMj= ~—
B _I» 1 f
> e
>
INSTRUCTION SEQ;’;NCER
POINTER
». DATATO
REGISTERS
DATA I DATA
POINTER I FROM -
REGISTERS
" INPUT DMA TARGET
|TARGET /SNOOP [ TARGET DIRECT READ
ADDRESS DIRECT DATA
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234 INPUT DMA OR
_ - OR SNOOP’ OUTPUT DMA
OUTPUT DMA WRITE MASTER WRITE
SOURCE DATA DATA
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R |, REGISTER
 DIRECT TARGET ADDRESS
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at | east one data sanple
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at | east ,one data sanple fromsaid first processor word and said- sel ected
at | east one data sanple from said second processor word; an EPMCE‘MENTWET
orne word-w de data processor, responsive to said data word al’igner, for

receiving a sequential streamof said aligned processor wrds, each said
al i gned processglieN®s£ ZOMPIwis dW Sl shPrereiritd peddegsoer 20f teabferate
| ogi cal |y adj acént data sanples, for sinultaneousl rocessi ng said

predeterninedg%%ﬂﬁé#lbf1?%@?%%??9téﬂj%E%n?uﬂaﬁamgﬁﬁbgegr?@céi888tagpgéi8

sequential stggam af i@hledneso PLBGRHES FedDIElSs aBdafl Gargeney albN@vidhin a
sequential stream of data processor result words based on said

si mul t aneous| PreFeReRB e Pedbl erionayetunBeFaofSamfichl F§ Rf abEREedsF

sanpl es recei vedogs Sl & ANee AdHNRL PIRASEN WY 4 2N progakdoseqyenti af

stream of aligned processor words, said at | east

29 : or when an array of data to be processed does not start or
end at a processor word boundary; and one or more processing
units 42 such as neighborhood 42a, correlation 42b,

segmentation 42c, image arithmetic 42d, and morphology 4Z2Ze,

10 processing units which each perform a specialized task, as
will be explained below.

A typical machine vision system 10a, Fig. 2, on which
the data processor 20 of the present invention is utilized
as a processing accelerator, is described herein for

15 - exemplary purposes. The vision system 10 includes a
digitizer 12 (frame grabber) as the data organizer, which
receives the stream 13 of logically adjacent or related data
samples, such as image data, from camera 14. The digitizer
12 may store image data 13 1locally or preferably, for

20 optimum performance and lowest cost, place the captured and
grouped data samples 15 (image data) in a dedicated image or
data sample memory 18 using an embedded direct memory access
(DMA) controller 7. A data or vision data processing
accelerator 20 (the subject of the present invention), is

25 also provided. In the current invention, the processing
accelerator 20 is coupled to the data sample memory 18 by
memory bus 19, for storing and manipulating data samples 15
stofed as processor words 17 independent of a vision system
CPU 16 and a vision CPU memory 22.

30 In one .embodiment of such a vision system 10b Fig. 3,
captured images (streams of image data samples 13) from
multiple cameras 1l4a - 14d can be processed by the vision
accelerator 20, the embedded vision systém CPU 16, or by a
host CPU 24 in cases where the vision system is resident on

35 the host CPU peripheral data bus (e.g. as an adapter or
REPLAGEMENT SHEET |
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one word-w de data processor selected fromthe group consisting of: a

nei ghbor hood processing unit; an’image arithmetic processing

segnment ati on procg phol ogy processing unit; mﬁ“ﬁm SHEET
correl ation procep gl'”ﬁg HEgT: | HAS BEEN | The processing system of claim 1
wherein said |ogjcal | yRERiAGHRENt d a sanpL®EMs ncl ude i mage data, each of
said plurality of Togrcally aajacent i mmge data sanpl es representing one

pi xel of imge data froman i nage to be processed, wherein logically

adj acent sequenti aly i mage qdabapsabBL8SngeRYSEER] eshpeLsingi xel s of inage
data fromsaid i mage to be processed, and wherein salg?data sa

stores at |east tw® &djitac e¥gapilrelrs §Prlﬁ§§§1&éﬁﬁ fbgetReF QRe %ﬂ¥§ﬁ§ﬁay
processor Worditream of data [CHPRIEHg a plurdrity [6BNTeyPEd1ly adjacent

data samples, and for organizing a digital representation of

5 a predetermined number of said plurality of logically

adjacent data samples into a processor word;

at least one data sample memory, responsive to said

data organizer, for storing a plurality of said processor

words;

10 a data word aligner, responsive to said at least one

data sample memory, for receiving at least first and second

said processor words, for selecting at least one data sample
from said first processor word and at least one data sample
from said second processor word, and for providing at least
15 one aligned processor word comprising said predetermined
number of said plurality of logically adjacent data samples,
said aligned processor word including at least said selected
at least one data sample from said.first processor word and
said selected at least one data.sample from said second
20 processor word; and

at least one word-wide data processor, responsive to

said data word aligner, for receiving at least one aligned
processor word comprising said predetermined number of said
logically adjacent data samples, for simultaneously
25 processing said predetermined number of logically adjacent
data samples received as said at least one aligned processor
word, and for generating at least one data processor result
based on said simultaneously processed predetermined number
of logically adjacent data samples received as said at least

30 one aligned processor word, said at least one word-wide data

H!llllj Ay
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5. TFhe processing system of clai h THHSUHHEET HASABEEN bt & sanpl e nenory
transfers and said word-w de data |pr oceRERILAGEBcei ve$ at IeastREﬂQCﬁM@NEMT
word each processor cycle. —THe& processi ng systemof claim1
further including a nenory address generator, coupled to said at | east one
data menory, fplroc%%%roﬁcss'sl&eiaﬂéﬂi TeF Ry tﬁheprQ;&fdiﬁD satdhsisdianpt dfsst and
second pr ocessor;,—wot oS- The P OCESST, ||§ rﬁgﬁl of cHarm

wher ei n saldQﬁ%QHmﬁﬁqﬂﬂﬂjHﬁ%%%%%ﬁﬁbuﬂﬁFr PRc B8 ﬂﬁﬁthBBGC?ﬁﬁbag
processi ng unidnit;or Aor nedWinaditdeast tpRoreisghiher hogsst of pr edpbeprbnedy

Si ze around at
30 processing unit; and a correlation processing unit.

5

2. The processing system of claim 1 wherein said
logically adjacent data samples include image data, each of
said plurality of 1logically adjacent image data samples
representing one pixel of image data from an image to be

10 processed, wherein logically adjacent sequential image data
samples represent adjacent pixels of image data from said
image to be processed, and wherein said datalmemory stores
at least two adjacent pixels of image data together as one

said processor word.

15
3. [canceled]
4. [canceled]
20. 5. The processing system of claim 2 wherein said data

memory transfers and said word-wide data processor receives

at least one processor word each processor cycle.

6. The processing system of claim 1 further including
25 a memory address generator, coupled to said at least one
data memory, for addressing said memory to provide said at

least first and second processor words.

7. The processing system of claim 2 further including
30 a neighborhood image processing unit, for forming at least
two neighborhoods of predetermined size around at least two

pixels of image data.
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8. TFhe processing system of eclaim 2 wherein said neighborhood
processing unit includes a nelghborhoo ng unit '

at’ | east two nei ghbor hoods of predet%@!ﬂﬁl% BEGNd each @qﬁ@ﬁg@ﬁ@f‘sﬂﬁﬂ
| east two adjacent pixels of inmage data sip @Q;EgogethFr as sai d processor
wor d. 9. The processi ng syst ' ein said word- w de
data processor ou lfg to a data bus, said g §%2$ ran ort
processor vvords fr © RFACST IAR? 7Y ST O hrS “}fté'%ﬁﬁ)

device; and a nwhghbbﬂhsaddlmrg@\pzdﬁaia&tlauqormcﬂs,sofofufbheingnatudeasa
data capture devi ce, é contr ol g t.he sinul t.aneous caﬁ re OL grocessdor
wor ds bei ng t FERsRFi9RR °608?d§aP5 5] FgeﬁﬁgmeeQaFazﬁrFﬁﬁ Pdy5p51sRfprat
target, argl fat stastngwd GARKRMtS Y ikdDES SDiay®r dst 4 Ns8atddatoyearkrone
data sample ne 10. The processing systemof claim1l wherein

~said at Ieastaﬁn%g/’o%tpar%cﬁﬁﬁ%r ¥&¥Sty includes first and second data

9. The processing system of claim 1 wherein said

word-wide data processor‘is coupled to a data bus, said data

10 bus for transporting data from said data organizer to a
primary data sample target device; and

wherein said word-wide data processor further includes

a data capture device, for controlling the simultaneous

capture of data samples being transmitted over said data bus

15 to said primary data sample target, and for storing a copy

of said data samples in said at least one data sampie

memory.

10. The processing system of claim 1 wherein said at

20 least one data sample memory includes first and second data
sample memories; and

' further including at 1least one processing sequencer,

for reading instructions and processor register values from

said at least one data sample memory, and for writing at

25 least processor register values to at least said at 1least

one data sample memory.

11. The processing system of claim 1 further including

at least one data sample memory controller, for executing

30 data sample memory control instructions while said at least
one data sample memory is providing sequential data sample

values as processor words.
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sanpte nmenories; and further including at | east one processing
sequencer, for readlng i nstructions and processor register vab E el
at | east one data sanple nenory, and for witing at |east pro @@é& M@ﬂ?%ﬁEgT
regi ster values to at least said at | east one data sanple nenory.

11. The processing systemof claim1l further including at | east one data
sanpl e nenory cont IIe for Fcuting data sanple nenory contro

i nstructions mhlle ald ?n?%%§? one data sanple nenory is providing
sequential data sanple val ues as processor words.

31

13. [canceled]
5
14. [canceled]
15. [canceled]
10 le. A data processing system comprising:

a data organizer, for receiving at least one
sequential stream of data comprising a plurality of logically
adjacent data samples, and for organizing a digital
representation of a predetermined number of said plurality of

15 logically adjacent data samples into at least one processor
word;

at least ohe burst-mode data sample memory, responsive
to said data organizer, for storing and retrieving a
plurality of said processor words;

20 at least two address generators, for generating a series
of valid memory addresses for a series of data samples'to be
processed or stored;

at least one data word aligner, responsive to at least
first and second valid memory addresses generated by at least

25 one of said at least two address generators, for receiving at
least first and second said processor words indicated by said
at least first and second valid memory addresses, for
selecting at least one data sample from said first processor
word and at least one data sample from said second processor

30 word, and for reorganizing the plurality of said logically

adjacent data samples stored in said first and second

/,/ .
(N A | .
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12. f[cancel ed] 13. [canceled] 5 14. [cancel ed]

15. [cancel ed] 10 16. A data processing system conpr REFLAGEMENT $H££T
a‘data organi zer, for receiving at |east one sequential stream of data
conprising a plurality of logically adj acent data sanples, and for

organijzing @rddiegisbal words epoesmrvwideonael legytedoher mlnetharinpescosssai d
plurality of 15 Ioghcally adj acent data sanples into at |east one

procegsor word: a
at least one word-wide data sample processor, responsive

to said data word aligner for receiving said aligned
5 processor word, = for simultaneously processing said
predetermined number of 1logically adjacent data samples
received as said at least one aligned processor word, and for
generating at least one data processor result based on said
simultaneously processed predetermined number of logically
10 adjacent data samples received as said at least one aligned

processor word.

17. The processing system 0f claim 16, wherein said at

least one burst-mode data sample memory comprises at least

15 two burst-mode data sample memories for allowing at least one
of said at least two address generators to specify unique
regions of data to be processed or stored using one of said

at least one burst-mode data sample memories.

20 18. The processing system of claim 16, wherein said
logically adjacent data samples include image data, each of
said plurality of 'logicélly adjacent image data samples
representing one pixel of image data from an image to be
processed, wherein said logically adjacent sequential image

25 data samples represent adjacent pixels of image data from
said image to be processed and wherein said data memory
stores at least two adjacent pixels of image data together as

one said processor word.

30 19. The processing system of claim 16, wherein said

word-wide sample data processor further includes at least one

word-wide sample data processing unit.

33
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wor d;- at | east one burst-node data sanple nenory, responsive

to said data organi zer, for storing dretrieving a pl ureﬂ[pLA{;BMEhHaSHEET
processor words; 20 at | east tm@HﬁﬁSHEﬂSHgsnﬁfntors for generating a
series of valid nmenory addresses|for q:(mmms of data sanples to be
processed or stored,; at | eaSt—ere—data—~word—dl i gner, responsive to
at | east first

d valid dd d b | east
25 ' ohe of said at2fcasintbr aePBLRd GRREI S ok, CFaI™ ade: Ogeal o1 ke

firstjand secpoglssablepwoeassatiewdaipliendiaial esrdyesainy uniat ikeawll eldtiest
and second valid nory addresses, for sel e.ctr‘bé) oo(#]east one data

sanpl £ from sEEU FHRS IR ST LSt ing fiy %d‘edt LRSS SIAF B ¥ om

sai d peconsd piCesSiihndl ioWWitocddding Laetganhzi Sgghdett Leml ignocds siaidgl
| ogi cplly a,dé acent data si\ | es stored,in said first and second
unit; morpho QBy processing unit; and a correlation

processing unit.

21. The processing unit of clam 18 further comprising a

10 word-wide neighborhood processing image processing unit, for
simultaneously forming and piocessing at least two
neighborhoods of predetermined size around at least two

pixels of image data.

15 22. The processing systeﬁ of claim 21, wherein said at
least one burst-mode data sample memory includes a two-
dimensional array of sample registers connected so complete
processor words flow through said array and complete
neighborhoods of sample values surrounding each sample may be

20 simultaneously extracted from said array for simultaneous

processing.

23. The processing system of claim 16, wherein said

data organizer is coupled to a data bus, said data bus for

25 +transporting data from said data organizer to a primary data
sample target device; and wherein said data processor further
includgs a data capture device for <controlling the
simultgheous capture of data samples being transmitted over
said data bus to said primary sample data target, and for

30 storing a copy of said data samples in said at least one

burst-mode data sample memory.
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processor words to provide at |east one aligned processor wor d ﬂ 3
at | east one word-w de data sanpl e processor, responsive t BE Méﬁg IéHEET
wor d aligner for receiving said aligned 5 processor wor d, for

si mul t aneously processing said pr edet er mi ned nunber of logically

adj acept data sarrpIZés Ther preicesdiag sgistient olfeaibimne 6afugnrdr piAEEEaOHg
word, fnd for Ln r%tce east_ one dat a%lp gcessor esult based on

said si miPtansois y&rﬁro essed predet eIt e Mert G4y y&ﬁg,uq@mns

adj acept dat afsamplsesdr eteileedtasneaddtat shmpie eemoalyl gned for wRi@eAFSAk
wor d. S ce55| Ng system O cl ai 6, wherein said at
| east pne burélteas{dgr ata sanpl e a?dfﬁp’rlg%s g} }Féﬁgt op§ dapg sample

bur st - hodeb damamsagpl e nenories for al I owi ng at |east one of said at
| east two address generators to specify uni que regions of data to be
procesised or stored using one of said . at | east one burst-node data

sanpl ¢ nmenmories. 2280 The pi8ces$hagpsgsessi 68 sYsiam of retehdd Lonc eI §y n
sai d at least one data sample memory controller, for exécuting

data sample memory control instructions while said at least
10 one data sample memory is providing sequential data sample

values as processor words.
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20.. The processing system of claim 19, wherein said at ‘| east orREPMECEMENTISHEET
sanpl e data processing unit is selected fromthe group consisting of: a ‘
nei ghbor hood processing unit; an arithmetic processing unit; a segnentation
processing unit; a norphol ogy processing unit; and a correl ation processing
uni t. i _21._ The processing unit_of {p® m18 further comprising a

form ng and prlocessing a
around at headt t pi xel
of claim2, wherepn said

one bur st - bod

bods of predeterm ned size
22. The processi ng system
2 :0ng ¢l pl e nmenory includes at | east
da aﬂanpl [ udi ng o4 t wo-di nensi onal array of
sanple reglsters Mec} €d :qo . tl etje.grocespor words flow through said
array and ¢ongl et & nei ghijarjad ilade Ydat sanpl e val ues surroundi ng
each pixel 1of }i mage daima §§ esusll extracted fromsaid array
for simultanedus = T
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processing. ’ " 23. The processi ng sygtem
or.gani zer is coupled to a data buslowaP OlylsP REPLACEMENT SSMEPDI
t—aevy

'@%egglfgmﬂm |

fromsaid data organizer to a primary data s ck; and
wherein said data processor further includes rﬁ@v z tu devi ce or
controlling the simultaneous captureIEIMAt a b (o | nsm%@@
over said data bus to said primary sanpl e dafa prj st or

copy of said data sanples in said at | east ope burst-node dat sanpl e

menory. 1. A data processing sysfém, COMPTIsing:

a data organizer, for receiving a sequential stream of
data comprising a plurality of 1logically adjacent data
samples, and for organizing a digital representation of a
predetermined number of said plurality of logically adjacent
data samples into a processor word;

at least one data sample memory, responsive to said data
organizer, for storing a plurality of said processor words;

a data word aligner, responsive to said at least one
data sample memory, for receiving at least first and second
said processor words, for selecting at least one data sample
from said first processor word and at least one data sample
from said second processor word, and for providing at least.
one aligned processor word comprising said predetermined
number of said plurality of logically adjacent data samples,
said aligned processor word including at least said selected
at least one data sample from said first processor word and
said selected at least one data sample from said second
processor word; and

at least oné word-wide data processor, responsive to

said data word aligner, for receiving a sequential stream of

said aligned processor words, each said aligned processor

word comprising said predetermined number of said logically

adjacent data samples, for simultaneously processing said
predetermined number of 1logically adjacent data samples

received as said sequential stream of aligned processor

words, and for generating a sequential stream of data

'processor result words based on said simultaneously processed
predetermined number of logically adjacent data samples

received as said one aligned processor word from said

sequential stream of aligned procesgsor words, said at least

T R 1 1




24. The processing systemof claim16 further including @A CEMENT SHEET
pr.ocessi ng sequencer for reading instructions - fromsaid at ast one

data sanple nenory and for witing at | east processor register val ues

to at | east one data sanple 5 nenory. 25. The processing

syst em of otleai mo]rﬁi-fwirdmerdaml ugragessorat sedestedne filaima stingl egmeupr y

controller, for execu ta sa menory .control, instructions

whi | e sai FoREigLiDE 19 on% o%?%swg%rﬁﬁ%?%s%w%lﬁg s&8FuenPEF data

sanpl e a7¥nHRE i3S pRReREIRy WRAES: a segmentation processing unit; a
morphology processing unit; and a correlation processing

unit.

2. The processing system of c¢laim 1 wherein said
logically adjacent data samples include image data, each of
said plurality of 1logically adjacent image data samples
representing one pixel of image data from an image to be
processed, wherein logically adjacent sequential image data
samples represent adjacent_pikels of image data from said
image to be processed, and wherein said data sample memory
stores at least two adjacent pixels of image data together as

one said processor word.

REPLACF®#= "~ “1EET
3. [canceled] ’
16 NOV 2000
4. [canceled] ‘ '
5. The processing system of claim 2 wherein said data

sample memory transfers and said word-wide data processor

receives at least one processor word each processor cycle.

6. The processing system of claim 1 further including
a memory address generator, coupled to said at least one data
memory, for addressing said memory to provide said at least

first and second processor words.

7. The processing system of claim 2 wherein said

neighborhood processing unit includes a neighborhood image

processing unit, for forming at least two neighborhoods of

predetermined size around at least two pixels of image data.

I BN
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8. The processing system of claim 2 wherein said

neighborhood processing unit includes a neighborhood image

processing unit, for forming at least two neighborhoods of
predetermined size around each of said at least two adjacent

pixels of image data stored together as said processor word.

9. The processing system of claim 1 wherein said word-
wide data processor is coupled to a data bus, said data bus

for transporting processor words from said data organizer to

a primary data sample target device; and
wherein said word-wide data processor further includes a
data capture device, for controlling the simultaneous capture

of processor words being transmitted over said data bus to

said primary data sample target, and for storing a copy of

said processor words in said at least one data sample memory.

10. The processing system of claim 1 wherein said at
least one data sample memory includes first and second data
sample memories; and

further including at least one processing sequencer, for
reading instructions and processor register values from said
at least one data sample memory, and for writing at least
processor register values to at least said at least one data

sample memory.

11. The processing system of claim 1 further including
at least one data sample memory controller, for executing
data sample memory control instructions while said at least
one data sample memory is providing sequential data sample

values as processor words.

AR O R REPLACEMENT SHEET
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20. The processing system of claim 19, wherein said at
least one word-wide sample data processing unit is selected
from the group consisting of: a neighborhood processing unit;
an arithmetic processing unit; a segmentation processing
unit; a morphology processing unit; and a correlation

processing unit.

21. The pfocessing unit of claim 18 further comprising
a word-wide neighborhood processing image processing unit,
for simultaneously forming and processing at least two
neighborhoods of predetermined size around at least two

pixels of image data.

22. The processing system of claim 2, wherein said at

least one data sample memory includes at least one burst-mode

data sample memory including a two-dimensional array of
sample registers connected so complete processor words flow

through said array and complete neighborhoods of image data

sample values surrounding each pixel of image data may be

simultaneously extracted from said array for simultaneous

processing.

23. .The processing system of claim 16, wherein said
data organizer is coupled to a data bus, said data bus for
transporting data from said data organizer to a primary data
sample target device; and wherein said data processor further
includes a data capture device for controlling the
simultaneous capture of data samples being transmitted over
said data bus to said primary sample data target, and for
storing a copy of said data samples in said at least one

burst-mode data sample memory.
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(S7) Abstract

A data processing system (10) including a data processor (20) processes at least one processor word (17) each clock cycle. Each
processor word (17) includes multiple complete data samples (13) which are received indivually as part of a sequential stream of logically
adjacent or related data samples. A predetermined number of the data samples are stored together, as a processor word (17), in dedicated
memory (18). The system also includes a data aligner (50) which allows the data processor to process at least one processor word (17)
comprised of at least one data sample from other two processor words. The aligner (50) controls data sample alignment such as pixel

alignment in a vision system to facilitate image data processing.




