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SECTION 1
INTRODUCTION

A. OVERVIEW

The advance of large-scale integrated circuit (LSIC) technology has spawned many new technologies
and made many others economically feasible. Military signal-processing functions found in such applica-
tions as forward-looking infrared (FLIR) radar, guidance and control, and electronic countermeasure
(ECM) systems have been significantly impacted. In particular, image-processing systems for video band-
width reduction; FLIR automatic cueing; target detection, classification, and tracking; and image under-
standing must apply LSIC technology to be affordable in system constraints such as size, weight, power
dissipation, cost, and reliability. Integrated circuits developed for such applications are most affordable
when they can be used on several different programs. Such robustness can be accomplished by flexible,
programmable designs or by functional designs that efficiently implement commonly used functions in a
manner that allows them to be parameterized for each application.

The Programmable Image Processing Element (PIPE) is an example of a parameterized functional

design. It implements the sum-of-products operator common to many image processing problems:

where the term W represents a set of fixed, programmable weighting coefficients and X; represents a set
(or I-point sequence) of input samples. More specifically, if I = 9, this equation can implement the 3- by
3-pixel window operator used in image processing for high- and low-pass filtering, edge enhancement,
and edge crispening. This same function can be used to calculate the coefficient of transforms such as
Fourier, cosine, Hadamard, and Harr used in image and signal processing. It is also applicable in other
signal-processing areas such as recursive and nonrecursive digital filtering.

Under Contract F33615-80-C-1180, the key to program success was the use of distributed
arithmetic techniques to implement the sum-of-products operator without using digital multipliers,
which could significantly impact image-processing systems.

B. OBJECTIVE

This contract represents the second phase of a previous contract (F33615-79-C-1763). The PIPE
Phase I contract addressed only the design and photomask fabrication of the PIPE LSIC. The Phase 11
emphasis was on fabrication and testing of the PIPE LSIC developed under Phase I and the design and
fabrication of a brassboard to demonstrate the versatility of the PIPE LSIC. There were three major
efforts:
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PIPE LSIC development, the objective of which was to fabricate the PIPE LSICs using the
photomasks generated in Phase I and perform functional evaluation. If any device errors
were discovered. design, photomask generation, processing, and testing were to be
repeated.

Brassboard demonstration system, with which to demonstrate the ability of the PIPE LSIC to
implement image-processing algorithms on real-time video data.

Brassboard demonstration at AFWAL to provide a complete exchange of technical informa-
tion regarding the PIPE LSICs and brassboard.

C. SUMMARY

Texas Instruments has successfully completed all of the objectives of the PIPE Phase II contract.
1. PIPE LSIC Development

Figure 1 is a block diagram of the PIPE LSIC. The input data A, B, and C are parallel words that can
be loaded into input latches either serially or in parallel. Users control the mode of operation via the
parallel/serial select control line, allowing the PIPE LSIC to operate on either 9 X | or 3 X 3 blocks of
data. In the serial mode, all data are loaded through the C input pins and sequentially clocked into the
latches in nine sample periods. In the parallel mode, data are loaded through the A, B, and C input pins
into three separate input latches and then sequentially clocked into the other latches; thus, three sample
periods are required to load all the input latches.

Bit-parallel words in the input latches are converted into bit-serial words by the parallel-to-serial
registers; outputs of these registers form .the 9-bit memory address. Shift-and-accumulate operations at
the memory outputs complete the sum of products. Users can designate either signed or unsigned
arithmetic for these operations.

Tristate output latches are provided for off-chip buffering. All timing and control for the parallel-to-
serial registers, the memory, shift-and-accumulate, and the output buffers are generated on the chip using
a simple shift-register controller.

Full 8-bit input and 20-bit output operations of the PIPE require 59 pins (Table 1). This can be
reduced to 40 pins if 6-bit input data and only 8 bits of the output are used. The pins required for word-
length selection, input type (parallel or serial), and data format (2’s complement or magnitude) can be
eliminated by on-chip bonding to the V, or ground pin for fixed applications.

Figure 2 is a photomicrograph of the PIPE LSIC. The LSIC is implemented in N-channel metal
oxide semiconductor (NMOS) technology using conservative 5-um design rules. An erasable, program-
mable ROM is used to implement the memory function of the ROM-accumulate algorithm. Total bar
size is approximately 43 mm? (240 X 270 mils?).

IC processing required two passes because some minor layout errors were discovered in the fast-pass
ICs (the shift register controller. clock driver, and tristate output latches), which prevented them from
being completely functional but did not prevent detailed evaluation of the remaining circuits. The

redesign. photomask generation, processing, and testing steps were repeated.
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TABLE 1. PIPE LSIC INPUT/OUTPUT PIN REQUIREMENTS

Control Line(s) No. Pins Function
Data-A input 8 Input data
Data-B input 8 Input data
Data-C input 8 Input data
Parallel/serial select 1 Delermines modes of chip operation (3 X 30r9 X |
operations)
Input strobe 1 Indicates valid input data and latches data into input
latches
Word length (BCD code) 3 Defines word length of input data
Master clock 1 Square-wave clock provided for system timing
Load 1 Initiates parallel-to-serial data conversion
Data valid 1 Output signal indicating complete calculation
Enable (EN) 1 Used to tristate or enable output bus
Data too fast 1 Inhibits input srobe during parallel load operations
Outputs 20 Output data
2's complement coefficients (TC() 1 Used to set sign bit of output word
2’s complement data (TCD) | Defines signed or unsigned magnitude data operation
Vob 1 Single +5 V operating supply
Vip 1 Normally at +5 V, but taken to --25 V for EPROM
programming
Gnp 1 Substrate bias
Total 59

During the redesign phase, an automated schematic verification of the PIPE LSIC was perfc ‘med.
This verification compared the actual LSIC layout with the circuit schematic and, with the exception of
some minor device size deviations in the TTL-to-MOS clock driver and the NOR buffers in the input
controller section, nc¢ layout errors were discovered. After the schematic verification, new photomasks
were generated (7 of the 12 photomasks were replaced) and second-pass PIPE LSICs were processed and
evaluated. The second-pass ICs were 100-percent functional.

Figure 3 shows a PIPE LSIC packaged in a 64-pin dual in-line package (DIP). The operating charac-
tenistics of the PIPE LSIC are listed in Table 2.
2. Demonstration Brasshoard

To demonstrate the PIPE LSIC, a flexible. completely self-contained brassboard (Figure 4) operat-
INg in or near real-time was developed. 1tis 17.0 X 18.5 X 9.0 inches, weighs 46 pounds, and dissipates
87 W. Although simple. the brassboard operates the PIPE LSIC in both its serial and parallel modes and

demonstrates its processing of vector/transforms and neighborhood operators. The brassboard accepts
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TABLE 2. PIPE CHARACTERISTICS
Maximum Minimum
E Maximum operating voltage 10V 45V
by Maximum programming voltage 35V 17v
) Maximum strobe frequency 12 MH/ -
Maximum clock trequency* 12 MH~/ ) kH/
Typical EPROM access ume 170 ns —
Power requirements 800 mW a3V  —
Memory erase time - 40 min.
(2537 A at 15 W-s.cm?)
*Dependent on EPROM access time and mode of operation.

Figure 3. PIPE LSIC

single-line video as input and displays processed resuits on a standard TV monitor for evaluation. It is

constructed of 13 wire-wrapped boards. cach capable of containing 50 to 60 integrated circuits in 16-pin
4 DIPs: a one-to-one correspondence exists between these boards and the blocks shown in Figure 4. The
analog-to-digital converter (ADC) digitizes the incoming video to 8 bits for further digital processing.
i Images composed of 512 by 512 &-bit pixels are formed in a trame bufler and processed at frame
rates determined by the PIPE LSIC throughput, buflfer memory speed. brassboard architecture. and the
algorithm being computed. Pixel processing rates for the PIPE LSIC are limited by the EPROM access

time.
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Eight PIPE LSICs are used in the brassboard. For the 3« 3 differential edge detectors, four PIPE
LSICs calculate the horizontal response while the other tour PIPE LSICs calculate the vertical response.
The template-matching edge detectors also require eight PIPE LSICs for maximum throughput, with one
template assigned to each PIPE. The output of the PIPE LSICs 1s processed according to the operation
selected (e.g., calculate the magnitude and orientation for the differential edge detectors or find the
maximum response for template-matching edge detectors). A minimum amount of interface between the
user and the PIPE LSIC is required to communicate the type of operations to be performed, the format of
input data, etc. This interface is implemented through a control pane! for the demonstration brassboard.
This control panel uses a 16-key calculator-style keyboard for command entry, a 24-character alpha-
numeric LCD for displaying current operating parameters and for prompting the user for new parameters,
and a 3-digit thumbwheel switch for entering threshold levels. The user commands the brassboard to
perform various operations by responding to seven prompts with seven single keystroke replies. These
prompts query the user for operating parameters such as parallel or serial input, 2's complement data, 2’s
complement weighting coefficients, word length, weighting arrangement (i.e., do all eight LSICs contain
the same weights?), postprocessing operation (magnitude, maximum, or no operation), and shding or
nonsliding operation.

A display-refresh memory and digital-to-analog converter (DAC) provide analog data in a standard
television-monitor format. Both the ADC and DAC are high-speed (10-MHz), 8-bit. commercially avail-
able components.

Eight boards implement the frame buffer and refresh memories: four identical boards implement
the frame buffer memory, and four identical boards implement the refresh memory. The buffer and
refresh memory boards are essentiaily identical, differing only slightly in the write and output sections.
Both memories store a complete video frame (512 X 512 X 8) and are designed with 16K X | dynamic
random-access memories (RAMs). Each board holds two bit planes, i.e., 512 X 512 X 2 bits. The frame
buffer memory is designed to provide vertically related pixels from three adjacent lines simultaneously as
inputs to the PIPE LSICs for parallel mode operation. Data are available also in serial format from a
single port for serial-mode operations. Although this memory captures data from the ADC at a 10-MHz
rate (100 ns/pixel), a special demultiplexing scheme permits use of memories with slower access times.
The refresh memory has two functions: accept data from the postprocessing electronics and provide
digital words to the DAC for reproducing analog video. These functions cannot be performed at the same
speed but are synchronized. Each memory cycle is designed to read and provide time for a possible write
if data are available from the postprocessing electronics.

An LSIC input controller and LSIC output controller control the cight PIPE LSICs in the dem-
onstration brassboard. The input controller uses the input strobe pulse and a BCD value of the number of
input strobes between the parallel-to-serial conversions to generate a load pulse for the PIPE LSIC shift-

register controller. Corresponding inputs of the eight PIPE LSICs are connected. A counter generates a
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load pulse to each LSIC after the correct number of input strobes. Thus, the devices can be loaded in
parallel or sequentially in various combinations. For differential edge detectors, the first four PIPE LSICs
calculate the horizontal response while the last four PIPE LSICs calculate the vertical response: therefore.
the first and fifth PIPE LSICs need the same data. the second and sixth PIPE LSICs need the same data,
etc. For calculating transform coefficients and template-matching edge detectors, all eight PIPE LSICs
must be loaded with the same data, i.c., have the same load pulse.

The outputs of the eight PIPE LSICs are controlled by the LSIC output controller that selects any
one, any pair, or all the outputs for postprocessing. The DATA VALID output of the PIPE LSIC multi-
plexes the outputs of the eight PIPE LSICs in much the same way that the load pulse demultiplexed the
inputs; thus, their outputs can be loaded into latches either sequentially or in pairs. For operations in
which the outputs are valid simultaneously, the LSIC output controller multiplexes the outputs into one
latch.

A limited amount of postprocessing electronics is provided on the demonstration brassboard to
combine outputs of the PIPE LSICs. To complete the magnitude and orientation calculation of the
differential edge operators, the ability to sum the absolute values and calculate a 3-bit approximation to
the direction vector is provided. The ability to find the maximum of eight inputs is provided for deter-
mining edge orientation using the template-matching edge detectors. A variable threshold permits evalua-
tion of the various edge detectors. Also, for some types of operations. postprocessing is not required:
therefore, an option to bypass the postprocessing function is provided.

The results of using the PIPE demonstration brassboard to implement a 3 X 3 low-pass filter. a
Sobel differential detector, and a 5-level template-match edge detector appear in Figure 5. The technical
aspects of the PIPE LSIC development, the demonstration brassboard system. and experimental results
are discussed in Section II, and a more detailed discussion of the PIPE LSIC design and operational

characteristics can be found in the Phase I final report.*

*T.F. Cheek. W.L. Eversole. and J.F. Salzman, “Programmable Image Processing Element,” Final Report. Contract No.
F33615-79~-1763 (November 1980).
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SECTION 1I
TECHNICAL DISCUSSION

Texas Instruments has fabricated and evaluated a programmable image processing element (PIPE)
large-scale integrated circuit (LSIC) and, to demonstrate it, has developed a flexible brassboard capable of
operating in real-time. Details of the PIPE LSIC development and the design of the demonstration
brassboard are discussed in this section.

A. PIPE LSIC DEVELOPMENT

The objective of the PIPE LSIC development was to fabricate the PIPE LSICs using the photomasks
generated in Phase I (Contract F33615-79-C-1763) and perform functional evaluation. To correct any
device errors found during initial testing, time in the Phase II schedule was included for redesign,
photomask generation, and testing.

1.  Phase II First-Pass Results

During Phase Il. PIPE LSICs were processed using photomasks produced during Phase 1 PIPE
development. The PIPE LSICs were processed in DMOS II (Dallas MOS Front End No. 2) using the
standard 25XX, 5-um EPROM process. In January 1981, 20 slices were started through the process flow:
on 27 February 1981, 17 were finished. Three slices were damaged in the process flow.

The PIPE LSICs were probed to determine the quality of the processing. The processing parameters
closely corresponded to the design models. Figure 6 shows the characteristics of a typical enhancement
and depletion transistor. The designed threshold (V) was 0.8 V and —3.0 V, respectively.

Circuit probing then started utilizing a low-capacitance probe, which is required in NMOS circuit
probing owing to loading effects and drive limiations. Figure 7 is a schematic of the FET probe that was
used on the various LSIC circuits.

Initial circuit probing indicated circuit errors. Checking the Calcomp plots against the schematic on
the suspected areas revealed minor layout errors.

Parallel efforts involving slice-level testing were temporarily halted after the initial probe testing
showed circuit errors. While these errors prevented the LSIC from being completely functional, they did
not prevent detailed evaluation of the remaining circuits in the redesign. Table 3 lists the inoperative
circuits and reasons for their failure, and the following subsection discusses them as well as the various
redesign modifications in more detail.

2. Circuit Evaluation and Redesign

The most common building block used on the PIPE LSIC is the MOS latch, so the input latch
structure was the first circuit evaluated.

Figure 8 is a block diagram schematic and oscilloscope photograph of a functional PIPE LSIC latch.
The input is TTL level (approximately 2.4 V), and the latched output is MOS level (approximately 5 V).
Both the nine 8-bit input latches and the parallel-to-serial shift registers use this standard MOS laich.
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TABLE 3. FIRST-PASS PIPE LSIC CIRCUIT ERRORS AND CAUSES

Inoperative Circuits Failure Cause
Controller NOR buffers Layout error
Clock driver Layout error
Tristate output buffer Layout error
Shift and accumulate Design error
Controller Design error

0. 35 PF

LA
44 M2
4.7 MQ 3.5 PF
PROBE
500 —]
OFFSET &

-15V

OUTFUT

(61}

Figure 7. Low-Capacitance Active Probe Used in PIPE LSIC Evaluation

Figure 9 shows the operation of a parallel-to-serial shift register. The 8-bit data on the left was input
to the serial port of the PIPE LSIC and strobed serially through the input latches and converted into bit
serial form for addressing the EPROM. This demonstrated the functionality of the input section (input
latches, multiplexers, and parallel-to-serial shift registers). However, circuit evaluation of a possible
design problem appeared. Critical timing between the strobe and load pulse indicated that, if a strobe
occurred during the parallel load, data transfer into the parallel-to-serial shift registers could be incorrect.
To prevent a strobe during the data transfer operation, a strobe inhibit circuit [referred to as data too fast
(DTF) circuit] was added. The implemented logic function used for the DTF circuit is shown in Figure
10. When the DTF control line is low, the parallel load pulse is passed to NOR2 and is NORed with the
STROBE pulse. When DTF is high, the STROBE circuitry is unaffected by the load pulse.

The next section to be evaluated, the PIPE LSIC 512 X 512 bit EPROM, was found to be fully

functional.
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Figure 10. PIPE LSIC Strobe Inhibit Circuit

Before programming, the EPROM was crased by exposing the IC to a high-density ultraviolet light
(wavelength of 2537 A). (After erasure, all bits are in a logic high state and logic lows are programmed
into the desired locations.) The EPROM was programmed by raising the programming voltage. V.. to
+25 V for 50 ms. (By raising V.. the address multiplexer is forced to select the three MSBs from each of
the three input words A, B, and C to form the 9-bit address to the EPROM.) Data 1o be programmed was
applied to the tri-state buffer bond pads. The addresses and data were changed and the programming
process repeated several times.

Data was read from the EPROM by enabling the program control line (logic level 1) via a special
bond wire connection, thus providing a direct path for the memory address lines at all times. Data was
rcad from the internal 2 X 2 mil* test pads at the output of the memory preceding the shift-and-
accumulate circuitry. These pads were removed during redesign in an attempt 10 improve memory
performance.

Utilizing a special low-capacitance probe, access times were measured at two widely separated bit
locations of the EPROM. as shown in Figure |1. (Access times are dependent on bit location in the
EPROM because of capacitive loading of the address and bit select lines.) Figure 12 shows access times
measured at two locations. The bit location with the shortest address and bit select lines had an access
time of 100 ns. while the tocation farthest from the address buffers had the longest address and bit select
lines. resulting 1n access time of 180 ns. Another important parameter affecting access time is the thresh-
old of the EPROM’s floating gate storage transistors. Although the measured thresholds were within the

acceptable range for operation, they were slightly high. resulting in slower access times.
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Figure 13. Two-Bit Dynamic Adder Used in PIPE LSIC Shift-and-Accumulate Circuitry

The access time was somewhat longer than expected. and lower transistor thresholds were sought on
the second-pass processing. Another step 10 improve access time with minimal increase in power assump-
tion was to increase the size of the transistors in the memory drivers from the parallel-to-serial shift
register.

Next. the shift-and-accumulate circuitry was evaluated. The full adders and the carry-sum latches
proved to be fully functional, but a design error was tfound in the dynamic adders. Figure 13 shows the
2-bit dynamic adder.

During shift-and-accumulate operation, a latch accumulate (LATCH CC) pulse precharges the
capacitive nodes N, and N, to a logic high through transistors M, and M,, respectively. However, because
of transistor leakage, the two nodes discharged slightly when the LATCH CC pulse went low. A solution
was easily derived: the drains of the precharge transistors were connected to the Vp, rail instead of the
LATCH CC line: in this configuration, less current is supplied by the LATCH CC pulse and any leakage.
as long as it is small, enhances the precharge node voltage. The new design. which proved itself in the
second-pass results, is illustrated in Figure 14.

Next examined in detail was the shift register controller. Two layout errors were discovered. First.
the TTL clock buffer and the NOR gate buffers had nodes that were incorrectly connected. Second. under

certain power-up conditions during computer simulation. the output of latch SR, could have a logic 1
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Figure 14. Two-Bit Dynamic Adder Design Change

while outputs of the data latches (D, through D)) cach have logic 0. This places a logic 1 on the clear input
of data latch DL,.. producing a logic ) on its output. The LOAD input line would become inoperative
because of the togic 1 on the clear input latch DL and the shift register controller would be in a stable,
vet invalid, operating mode. To alleviate this potenual problem. a power-on reset function was designed
mto the controller. Figure 13 18 a partial diagram of the controller with the addition of the power rescet
function.

Next. lavout errors in the tristate output buffer. NOR bus driver. and clock driver were corrected
and a complete detailed computer simulation made on cach section. 1t was discovered that not all stray
capacitance was used in the intial simulatons during Phase 1 and that this strayv capacitance degraded the
overall speed performance although a 10-MHz input data rate was still achievable. Design errors were
corrected and computer simulation indicated operational circuits.

Asandicated in Table 4. 7 masks of the orgimal 12 were changed 1o correct defects.

3. Technology Used in Redesign

T'he front-end loading of DMOS T caused a ship in schedule for reprocessing the PIPE LSIC but also

provided the time necessary 1o use a new design aid. The new ool 1s actually computer software, which

replaces visual and manual plot checking. The program consists ol two parts. The first routine cheeks the

actual lavout against predetined lavout rules. For example. a metai hine contacting a polysilicon hine must-
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pre— . ' R
t TABLE 4. PIPE MASK LEVFELS :
® ]

i Second-Fass ]

k Mask No. Level Name Mask Changes
817-256 Inverse moat * ]
' , 817-257 Metal * .
817-258 Oxide removal
817-259 N implant
817-260 P implant
817-261 Depletion implant *
p 817-262 Natural implant @
) 817-263 Contact 2, Coat | *
817-264 Contact 2, Coat 2 *
817-265 Polysilicon, Level 1 * *
s Q 317-266 Polysilicon, Level 2 o
817-267 Contact 2. Coat 3 *
° meet certain guidelines. Figure 16 shows a simple example for the 5-um technology used on the PIPE .AJ
LSIC: this 1s a jumper where a signal 1s passed over another line. This requires a minimum of six rule 1
i checks on spacing and overlap, with each rule set defined by the particular technology used. ]
The second part of the verification involves the actual ““circuit.” Each circuit is described by its ]
“ transistor and node connection makeup. This is reterred to as the HDL description (hardware description ° 3
. - language). Figure 17 shows an example of the TTL clock driver circuit and its HDL description.
A description similar to that shown in Figure 17 is then generated by software using the actual
layout data. The two HDL descriptions are then compared for a match. If an error has occurred, a conflict
message i1s generated and the user is notified of the error via computer printout. Figure 18 is an example .
of the venfication routine and software flow,
In defining the HDL description, a complete block description, along with signal names, must be
generated. Figure 19 illustrates an HDL block-level description of the PIPE LSIC.
The lavout schematic verification shown in Figure 17 was used on the PIPE final layout. There were )
no catastrophic layout errors. Approximately 5.000 transistors were processed in the HDL software *
routine. A transistor size error in the clock driver was discovered during schematic verification but
computer analysis showed no significant performance degradation. No other errors were found.
In anticipation of receiving processed parts, the slice-tevel test effort was restarted using the Texas
Instruments advanced components tester (ACT). The first test involved continuity and power supply o
checks. Next, the controiler was checked for data vahd output involving clock driver and controller
functionality. Finally, the EPROM was tested: all bits were checked for an erased state. random pattern
. :
1
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Figure 16. Layout Rule Check

verification made. and all bits programmed to a low. Devices passing the slice-level probe were scribed.
broken, and bonded into 64-pin dual in-line packages. Detailed evaluation was performed using all 1/O
pads on the PIPE LSIC.
4. Second-Pass Results

Second-pass processing of the PIPE LSICs was completed on 28 January 1982.

Before application of the protective overcoat, two slices of LSICs were obtained for preliminary

evaluation. Figure 20 shows the transistor characteristics of an enhancement and depletion mode transis-

t tor from the preliminary slice evaluation. The measured thresholds were +0.85 V and —2.7 V. the
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BLOCK CLOCK:

(* PIPE? CLKI CLOCK DRIVER *}
CLKI @ INFUT:

(cLkB. CcLK

STRUCTURE
MO1: NP
MO2:ND
MO3: NP
MO5:ND
MOG: NP
MO7 :ND
MO8 : NP
M09 : ND
M10:NP
M11:ND
MI12:NP
M13:ND
END CLOCK;

BLOCK NP GEN

)@ QOUTPUT;

C4. CLKI. GND. BULK, 10, 0. 2:
Vpp, C4. C4, BULK, 1.6, 0, 4;
C5, CLKi, GND. BULK, 16. 0.2;
Vpp, C4, CS5. BULK, 8, 0. 4;
CLKB, CLKI, GND, BULK, 120, 0.2;
Vpp. C5, CLKB, BULK, 20, 0. 3;
c8, C5. GND, BULK, 2, 0.2,
Vpp. C8, C8, BULK, 0.8, 0, 4;
C9, C5, GND, BULK, 4, 0.2;
Vpp. C8. C9. BULK, 2, 0, 4;
CLK, C5, GND. BULK, 50. 0. 2;
Vpps C9. CLK, BULK. 20, 0. 3;

ERIC;

Figure 17. Clock Block Schematic (Left) and Description (Right)
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CIRCUIT DESCRIPTION
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HDL SCHEMATIC DESCRIPTION

BLOCK NAND2 GENERIC
A, B, C

STRUCTURE
My, NENHI, Voo, Ny, Ny

HDL SCHEMATIC DESCRIPTION

BLOCK NAND2 GENERIC
A. B, C
STRUCT URE
My, NENH1, Vpp, Np, N3

————#% COMFARE

SOFTWARE

!

LIST OF HDL CONFLICTS

CONFLICTING INFORMATION WHILE
PROCESSING EXTRACTED SIGNAL N3
IDENTIFIED AS REFERENCE
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Figure 18. Verification Software Flow
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design values were 0.80 vV and - 3.0 V., respectively. During the second pass. then, the thresholds were
slightly closer to the design values than duning the first pass. Figure 2115 a microphoto of the redesigned
PIPE LSIC.

Each section was evaluated starting with circuits in which there had been design errors. First, the
TTL-to-MOS clock driver was investigated. Figure 22 shows actual operation of the clock driver at 10
MHz¢/. The waveforms appear somewhat degraded because of test setup and probe parasitics.

The next section evaluated was the shift register controller. Operation at 10 MHyz is shown in Figure
23, The controtler generates the parallel load. clear accumulate. latch accumulate, and data valid. The
clock 1s the on-chip clock and the load is eternal 1o the chip. The power reset and the many NOR buffers
used in the circuit were functional. A smail problem was found with the data valid butffer. Series resis-
tance 10 the output line prohibited a tull TTL output level. However. using a pullup resistor or bonding
closer to the driver improved the integrity of the pulse.

Next operation of the tristate output latch was checked and tound fully functional. Figure 24 shows
an cnabled tristate output with the input low and tristate pulse as input. Note that the tristate output
buffer 1s ot the inverung tvpe.

The shift and accumulate was then checked. With the output of the PIPE memory erased to all
digital 's and the controlier set for 8-bit operation, the controller was run and the shift and accumulate
checked. The casily calculated result agreed with the output of the shift and accumulate and proved that
the design errors had been successtully corrected.

Next, the input section. which had proved operational on first pass. was evaluated in detail. Figure
25 shows 1ts operation at a 10-MHv¢ clock rate. There are nine input latches with multiplexers to allow
cither parallel or sernal input data and nine parallel-to-serial shift registers to convert the bit parallel
words into bit serial format for addressing the memory. By operating the PIPE LSIC in the serial mode
and strobing the input latches nine times, the 8-bit data at the serial port (1 0 10 1 1 00 for this case) is
clocked through all the input latches and multiplexers. When the load pulse goes high, the bit parallel
word 15 converted into a bit serial word beginning with the MSB.

The last circuit to be evaluated was the PIPE EPROM. The memory which was functional on the
first pass. thus precluding redesign, was checked for access times. which is important to the overall
operational speed of the PIPE LSCL Worst case measurements were made and the results are indicated in
Figure 26 that shows an address pulse with associated memory output. In addressing a high bit. the
memory responded in 30 ns: when addressing a low bit, however, the time increased to 170 ns. This
window 1s dependent on the memory cell (FAMOS) threshold. Ideally, the high and low access times
should be 1dentical, which would vield an overall access time of 110 ns.

Final testing of the PIPE LSIC was as a whole unit. All circuit blocks functioned together, and all
ttming proved correct. Erasure and reprogramming of the EPROM was confirmed. An operating fre-
quency shightly above 10 MH7 was demonstrated by all sections except the EPROM. which was slower

than expected.
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Figure 21. Microphoto of PIPE LSIC
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Figure 23, Operation of PIPE LSIC Shift Register Controlter
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Figure 26. Memory Access Times

The LSICs demonstrated powcer-supply sensitivity after initial operation. Operation was enhanced
by running the V,,;, supplv at 5.5 V. This voltage sensitivity problem exists in the EPROM access times.
Data appear at the output of the EPROM at shghtly different times because of the bit path lengths.
Operating at a higher voltage improves overall memory access ume and chiminates missing bits by
cffectively changing the threshold-level detection point of the sense amplitier.

5. Processing and Packaging

Processing was begun on 12 December 1981 on 15 slices. 12 of which were suceesstully finished on
28 January 1982. Probe vield was good. averaging around 30 percent. Overall packaged device wield
showed a 10-percent loss, resulting in a 40 percent overall shice-to-package vield. This high vield was the
result of the NMOS S-um process. which by todayv’'s standards 1s old: 3-um processes are in production
todav, and 2-um and 1-gm processes are in preproduction development.

A 64-pin hermetic package with a UV Lid for memory crasure was used for the PIPE LSICs. Figure
27 is a picture of the final packaged part. The PIPE LSIC measures 240~ 270 mil and contains more
than 11.000 MOS transistors.

6. Summary

The objective of the PIPE program was the design and descelopment of a general-purposce. pro-
grammable. digial integrated circwit capable of multiple signal-processing functions.

Over the Tast 20 years, the semiconductor industry has progressed steadily inits effort to achieve
greater capability from semiconductor and other device technologies at lower costs. Products of this etfort
include increased functional densities tmore capability in smaller volume). improved performance power

ratios, higher processing throughput rates, improved reliabihitv . and many more. In 1978 when the PIPE




Figure 27, PEHPE ESIC in64-8i0 Daal To-bine Package

LSIC development began, S-om technofogy was the state ot the art iy production teclinology . Simee then.
J-um technology has moved to the production Tmes and T-on technotopy s being developed. Using the
technoiogy that s avarlable todav. the overall operating speed ot the PIPE LSO could be sipnihicant!y
cnhanced.

Fhe PIPE TSIC development demonstiates the feasibithty of using more than 1000 MON transs-
tors m mplementimg o RONT aecumuldate (RACH processer on o singde TSSO T provides o user-orented
vehidle for westing various image-processing alporthms, The present S pm FPROMN cersion ot the PPt
1SIC operates at a mavmiura clock rate of S Mz whicn s owang totadiy to FPRON Gecess s Using
2o 10 3-pm technology and replacing the T PROAMN soith ROM coundd reselt in o PIPE TSIC capable of
20-MHE, clock rates Table > summiarizes chap pertormance and power requiremients, Table 6 a pmowt
assignment hst for the PIPE TSIC (datampats A0 B and C e desinated by 0T and sorespectinels s to
avord confuston with the FPRONM progrianninng addressioand fable 7 hists the controls
B. PIPE EPROM PROGRAMMER

Fo program and orverh the SEPEESTC FPRONM o provrammer capable ot iterfacmg to a Digital
Fquipment Corporation PP compuier viea DRIED Chanerfac cr o Tesas fnstremens 9o 10 come-
puter through a To-tit C RE T Oy internface wos desiyned and Diboeatcd Bicthe ssmpintied block diagram of
the EPROM programmcr. Pigare I8 Daes QDo o by aee de data hives that transtodaie o the host
computer to the prograomnrer bines 1026 0000y e e data Bines bt rnston data 'rann fae praaammer 1o
the host computer, and the Do SNEW DIV oSt aad ¢S wre coptol aena's o deicrmene the

upcraton of the progoamen 1 DR 0 niertace s ieds contied vpnads CNDend O8N0 Correspond 1o




TABLE S. PIPE CHARACTERISTICS

Maximum Minimum
Maximum operating voltage 10V 45V
Maximum programming voltage 35V 17V
Maximum strobe frequency 12 MH/ -
Maximum clock frequency* 12 MH/, 1 kH/s
Typical EPROM access time 170 ns -
Power requirements ¥OOUmWat 3 v —
Memory erase time (2337 A at 15 W-s em') - 40 munutes

*Dependent on EPROM access time and mode of operation.

bit 0 (CSRO) and bit 1 (CSR1). respectively. of the control and status register. These bits can be loaded or
read from the UNIBUS. The control signal NEW DATA is a 400-ns-wide positive pulse generated by the
DR!1-C interface when information is loaded into the OUTPUT BUFFER REGISTER from the
UNIBUS. Ifa 16-bit CRU 1 O interface is used. the user must generate the control signals NEW DATA.
CS1. and (S2,

The programmer has two modes of operation—program and verifv—that are determined by the
state of the control signal ST Since the PIPE EPROM 1s organized as 312 X 12, programming requires
12 bits of data and 9 bits of address. The controller uses some of the 16-input data lines (ODO-OD13).
some of the 16-output data lines (ID0-1D13). and some of the PIPE LSIC outputs during programming
and venfication.

To program a word into the PIPE LSIC EPROM. address. data. and programming voltage are
required. The program mode is defined by a logical high state on control signal ('S2: special power-on
circuitry is included in the control logic to force the output of the €S2 buffer to a low state, thus
preventing accidental programming of an EPROM location when power is initially applied.

To load the 9-bit EPROM address into the address latches. the address word is output trom the host
computer on tines ODO-ODSE. The MSB of the 16-bit output lines. OD135, is also set high and used by the
control logic in conjunction with the NEW DATA control signal to clock the address into the address
latch. The address i1s latched into the address latches on the high-to-low transition of the NEW DATA
control signal. The €S2 is used to enable the address latch. During the program mode. the address latch is
constantly ¢nabled.

After the address has been latched, the 12-bit EPROM data is latched into the data latch. This is
accomplished by setting data line ODI135 to a logic low level. outputting the 12-bit data on data lines
OD0-0ODI11. and pulsing the NEW DATA control line. Again. the data is latched into the data latches on
the high-to-tow transition of the NEW DATA control line. Conurol signal €S2 is also used to enable the

data latch: thervefore. during the program mode. the data latch is constantly enabled.
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TABLE 6. PIPE PACKAGE PINOUT

L |
Function Pin Pin Function
; GND I P A f 64 Tl
TO 2 I F I 63 T2
' S7 (A6) 3 I w o 62 T3
' $6(A7) + 1 A 1 sl T4
] S5(A8) 5 1 L | 60) T5(AD)
L S4 6 l I 59 T6 (A4)
S3 7 I p | 58 T7(A})
t‘ $2 " B 57 PO
' st 9 1 P I 36 Pi
3 SO 1 1 E | 55 P2
Parser Ll K 2 [ 54 P7(AQ)
}Q Vi 12 p | 33 P6 (A1)
E Strobe 13 C L I 52 P5(A2)
¢ CLKI 4 C s 1 51 P4
[ DTF 5 0K L b 50 p3
: . rcps i6 K ¢ ? 49 Not used (DMA)
Vi 17 P P 48 Vi
| LLOAD 18 ¢ 6 K 47 TCCB
BO 19 K 4 p 16 GND
L Bl 20 K P45 Vi
' B2 21 K L 1O 44 N3
DV R0 FE 100 43 N2
ENA 23 K A [ 12 DI
| Vin 24 P 9] 10 41 DO LSH
(] D19 MSB 23 Q) 1O 40 D4
F D18 26 (9] H 1O kY D3
D17 70 FE 10 3% Do
D16 R O A O 3° D7
DI3 24 O D 1O Y6 DY
¢ D14 30 O b 1O 13 (DR
D13 3l QO R 10 RE D10
D12 320 10 13 D11
° (1 input. O - output, [} mmput output. € clock. K control. P power)
L
L J
|
40
o
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NEW DATA ——

Control Line(s)

TABLE 7. CONTROL DEFINITION

Word length (3-bit BCI code)

Parallel/senal
Master clock

Load

Input strobe

2%s complement data
Enable

Vin

Vip

Data vahd

2's complement coeflicients

DTF

Function

Defines word length in bits of input data*

Determines mode of chip operation: 3 X 3Jor9 X |

A square-wave clock provided for system timing
Initiates parallel-to-serial data conversion

Indicates valid input data and latches it in input laiches
Defines signed or unsigned magnitude data operation
Tristates or enables output bus

Single + 5-V operating supply

Normally at 5 V but taken to 25 V for EPROM
programming

Output signal indicating complete computation
Sets sign bits of output word

‘nhibits input strobe during parallel load operation

*Word length of 1 used for memory verification.

12
12 % DATA Dg - D
OD0-0D15 — <16 3 1
5 o
DATA e ADLCRESS
LATCH ———— 3 SERIAL INPUT
- #{CK '
EN CLOCK
N _} STROBE
- — ENABLE 12,16,4100-1D15
™ LoAD
Q
P
ADDRESS | PIFES
LATCH
CcK
EN DV VpF
1(}/4/ _ _j
CS1 ——» CONTROL LOGIC
cs?

Figure 28. Block Diagram of PIPE FPROM Programmer
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INITIALY 7 E

TAKE CS?2 HICH

C) —=

TAKD OD15 HICH

v

FRESENT
ADORE &< OF.
ODO0-00D8
{ ATCH ‘
ADDRE S

TAKE NEW
DATA HICH

TAKE NEW
DATA LOW

LATCH
DATA

TAKE ODI15 LOW

TAKE CS1 HIGH
FOR 250 MS

!

PROGRAM

e

PRESENT
DATA ON
oDo-0OD 1!

TAKEF C< 1 LOW

3

TAKE NEW
DATA HIGH

ADDRESS
<512

YEE@

TAKE NEW
DATA LOW

END
PROGRAMMING

Figure 29. PIPE EPROM Programmer Program Mode

To program an EPROM location defined by the 9-bit address with the data in the data latches. the

programming voltage V,,

minimum of 50 ms. When control signal CS1 is taken high. V,,;, is taken to 25 V. causing a multiplexer
internal to the PIPE LSIC to select the 12 LSBs of the PIPE’s 20-bit output as EPROM data inputs and
the 3 MSBs of cach of the three PIPE inputs as EPROM addresses. After 50 ms, CS1 is taken low and the
data word has been programmed. The next address and data can now be latched and programmed. Figure
29 summarizes the EPROM programmer’s mode of operation. After all 512 EPROM words are pro-

grammed. CS2 is taken low. thus disabling the address and data latches. The PIPE LSIC inputs and

is taken from its normal 5-V level to the programming level of 25 V for a

outputs can then be used to read the contents of the EPROM to verify correct programming.

e aa
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Reading the contents of the PIPE EPROM is much more difticult than programming because veri-
fication requires dynamic operation of the PIPE 1L.SIC. When operating the PIPE L.S1C in the serial mode
with [-bit input data. an EPROM address can be strobed into the input latches of the PIPE LSIC: afier
three clock cvcles, the 12 LSBs of the PIPE output represent the data at the EPROM address defined by
the input data.

When controi signal CS2 is low. the PIPE programmer is in the verify mode of operation. A parallel-
imsserial-out shift register within the control logic hardware 1s loaded with the 9-bit address on lines
ODO0-ODS8 when data line ODY is high and control line NEW DATA 1s pulsed. Data line ODY s then set
to a low level. putting the shift register in a shift mode. The first of nine [-bit words is then available at
the PIPE LSIC seriat input and strobed into the PIPE input latch by pulsing control signal CS1.1.e..taking
CS1 high and then low, (CS1 controls the PIPE LSIC strobe hine.) The next 1-bit word is shifted out of the
shift register and sirobed into the PIPE LSIC by pulsing NEW DATAL then pulsing CS1. This procedure
is repeated until all nine 1-bit words of the desired address have been strobed into the PIPE input latches.
The PIPE LSIC is issued a load pulse and clocked by the control logic. Assuming that the programmer’s
clock 1s faster than the host computer, the latter can issue a read instruction. and the output of the PIPE
LSIC can be read. An enable generator mnternal to the control logic enables the PIPE’s tristate outputs.
Data line OD10 is taken high. and the PIPE denoted by data lines OD11-0OD13 (i.c.. binary cquivalent
tor the PIPE No. 0-7) is cnabled for the host computer to verifyv. If the opeirator only wants 1o verify one
PIPE LSIC. input data line 1D 13 can be set low through a front-panel switch and only PIPE No. 0 will be
enabled. If cight PIPE LSICs are to be verified. the panel switch is set high (1ID13 is high). and the enable
generator will sequentially enable the PLPE LSICs, beginning with device 0.

After the PIPE device(s) has been verified. the next address 1s loaded in the control logic shift
register and the process repeated. Figure 30 summarizes the verification mode. After all $12 EPROM
locations have been verified. all data and control signals are taken low.

C. DEMONSTRATION BRASSBOARD
1. Overview

To demonstrate the PIPE LSIC versatility, a flexible brassboard operating in or near real-time was

developed. The design goals of the brassboard were as follows:

] Feature standard RS-170 composite video input and output

° Provide 10-MH/ data rate (512 X 512 dispiay)
° Provide serial or three paraliel (vertically sequential) words
° Provide and control signals (clock. strobe. foad. cte..) to PIPE 1.SIC

] Provide magnitude. maximum, threshold. and no-op postprocessing functions

1
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( INITIALIZE )

v

TAKE CS2 LOW

(OD—=

TAKE OD9 HIGH

'

PRESENT
ADDRESS ON
ODO-0D8

!

PULSE NEW

DATA
TAKE ODS%
LOW

| (==

PULSE CSI
(sTROBE)

PULSE NEW
DATA

(@3]
PULSED
9 TIMES

READ ID13

]

SET OD10 HIGH
SET OD11-0OD13
TO ENABLE

PIPE

READ PIPE
1DO-1D11

ALL
PIPES
READ

ADDRESS
<512

CEND VERIFY ’

Figure 30. PIPF. EPROM Programmer Verify Mode
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° Demonstrate various operations
° Differential edge detector (Prewitt, Sobel. ete.)
e  Template-matching edge detector (Compass. Kirsch. ete.)
[ ] Low-pass filter.

° Provide flexibility to allow future hardware demonstration.

The most important goal was the flexibility 1o demonstrate tfuture hardware developments.

The demonstration brassboard. Figure 31, 1s completely self-contained, accepts single-hne video as
input. and displays processed results on a standard TV monitor for evaluation. The brassboard will
operate the PIPE ISIC 1n both its senal and parallel modes and demonstrate its processing of
veetor transiorms and neighborhood operators. The anatog video input 1s quantized to 8-bit precision
and stored in the frame buffer memory. which forms the frame images from the ume interlaced video
ticlds. Images composed of ST2 by 212 %-hat pivels can be processed at trame rates determined by the
PIPE LSIC throughput, butler memarny speed brassboard architecture, and the algorithm being com-
puted. Pisel processing rates tor the PIPE TSIC are hnmited by the EPROM access time.

Eight PiPE 1 SICs are used 1o the brassboard. For the 3 X 3 diffierential edge detectors. four PIPE
LSICs calculate the horrzontsl response while the other four are calculating the vertical response. The
template-matching edge detectors also require eight PIPE LSICs for maximum throughput. with one
template assigned to cach PIPE. The output of the PIPE LSICs is processed according to the operation
selected teg.. calculating the magnitude and onentation for the differential edge detectors or finding the
maximum response tor template-matching edge detectors). A minimum amount of interface between the
user and the PIPE LSIC is required to communicate the type of operation to be performed. the format of
input data. ¢te. This interface is implemented through a control panel for the demonstration brassboard.
This control panel uses a l6-key calculator-style keyboard for command entry. a 24-character alpha-
numeric LCD display tor displaying current operating parameters and prompting the user for new param-
eters. and a 3-digit thumbwheel switch for entering threshold levels. The user commands the brassboard
to perform various operations by responding to seven prompts with seven single keystroke replies. These
prompts query the user for operating parameters such as parallel or serial input. 2°s complement data. 2's
complement weighting coeflicients, word length. weighting arrangement (i.e.. do alt eight LSICs contain
the same weights?). postprocessing operation (magnitude. maximum, or no operatton), and sliding or
nonsliding operation.

A display-refresh memory and digital-to-analog converter provide analog data in a standard TV-
monitor format. Both the ADC and DAC are high-speed (10-MHyz). 8-bit, commercially available
components.

The brassboard is constructed from off-the-shelf components and standard wire-wrap techniques.
The brasshoard is functionally partitioned into 13 wirc-wrapped boards. cach measuring 7.3 X 7.0 in.
and capable of containing up to 60 integrated circuits in 16-pin dual in-line packages. There is a 1:1]

correspondence between the boards and the block diagram shown in Figure 31,
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The DAC on the brassboard’s analog board s actually a combination ¢ . DAC and composite syne
generator. This unit, an Analogic MPE3IOK, accepts 8-bit digital data from . fresh memories’ compos-
ite blanking (COMP BLNK) and composite synce (COMP SYNC) fron: the toning board and produces
standard RS-170 compostte video with 256 gray shades that will directly drive the composite video input

of a television monitor.

The use of a commerctally available ADC and DAC syne generator greatly simplified the design of

these functions.
3. Buffer VMemory

The bufler memory stores a complete video trame of two interlaced helds. each containing 256 lines
with 312 pixcls e, The buffer memory 1s designed to capture data from the ADC at a 100-ns pixel rate
and to provide vertwally related pixels from three adjacent hines simultancously as inputs to the PIPE
LSICs. Data trom memory 1s avatlable also in senal format tor demonstrating the PIPE LSICs serial
mode of operaton.

As shown 1n the simple block diagram. Figure 34, the memory s partitioned inte odd-field odd line
odd-ticld even hine even-ticld odd line and even-field even lines. The memory design is based on the
Intel 2118, 16k xX I-bit dvnamic RAM (DRAMs), which requires a single + 5-V power supply and
dissipates 130 mW operating and 11 mW standby. The typical read wnite cycle time of those DRAMs is
270 ns. but a special demultiplexing multiplexing scheme permits using memories with access times of
less than 100 ns. The bufter memory requires 128 (cach 16k X 1) DRAMSs 10 store an image of 512 X
512 X & bits. The addition of data registers. address generators. and multiplexers to provide additional
versatility inereased the number of components for the butfer memory to 240. The wire-wrap boards
sclected for fabrnication of the brassboard accommodate 60 components: therefore, four boards (Figure
35). cach representing 512 X 512 X 2 bits of memory. are required.

Figure 36 shows more detail of one buffer memory board (512 X 512 X 2 bits). Data received by
the memory boards 1s input to a 4-bit serial-in parallel-out (SIPQ) shift register to reduce the required
10-MH/ data rate to a 2.5-MH7 or 400-ns memory ¢ycle ttme. When the shift register is full. all four
words are written to memory simultancously. Control lines YO and ODDFLD determine the bank [i.c..
odd-field odd line (OFOL). even-ield odd line (EFOL). odd-field even line (OFEL). or even-ficld even
line (EFEL)] in which the data is wnitten. The seven address Iines and control lines O, €2, €3, and C4
determinge the address within a given bank.

Control signal OUTLD loads 4 bits of memory data into a parallel-in serial-out (PISO) shift register
to multiplex the memory outputs. This 1s the inverse ot the demultiplexing of the input data and restores
the data rate 1o 10 MHv.

Because three adjacent hines of video are required siniultancously. three multiplexers and a register
are used to select the correct hine of data for a given output ine ALN. BLN, CLN. The muluplexers are

controlled by a Y-bit output sclect word generated on the timing and synchronization board. During
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Figure 35, P1PF Brasshoard Butfer Memory Boards

parallel operations. the BEN output s astored “hive”™ video: durnmg senial operations, the C1N output
represerts unstored video, The memory boards also require row address strobe (RAS) column address
sirobe (CAN) and write fWRY contiol Foaes to address and wreite data properly into the DRANMs,

Fieure 37 shows etight hines o standard raster scan video, Because ot the nme iterlacig, Field A
data must be wntten to memory before Breld B date The memony s partinoned 1o allow storage ot tour
TN hines at the same s address, cen TV Toes 0000 20 aed Vaty address ' Control hnes YO and ODDELD
determunce the speaitic DRAM to which datais swrtien Foroxamnple TV Bioe O s stored at sy address v
the odd-ticld odd line memonies, which are the tep rone of mcrones s bigare 36,0 also, TV hne 4018
stored v these memories at v address 1.

Readimg data trom the butler merivony s more complex Dunne a read operation, the v address must
be maodinied 1o obtun three adpacent ines of PAY video Reternmyp agam to Freure 370 data trom TV line
2as at output BEN tunstored video tor parallch operationsy, data o £V Tines T and 3 are at ourputs
ALN and CEN respectively Intins case nes address modification s necessars because atl the dataos at
vaddress o Tt data from TV Dos as at output BEN the s addiess iy 0 aed na modiheation s pecessars
to obtam data tfrone TV Gme Y ot output AN To obtam data fvomn TV Bine 4 at cutpat CEND the

address ot the OO memery bard most e e remaonted b b When TV e 4 s at output BEN L G more
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TV ADDRESS
LINE CONDITIONS
FIELD A ODD > 0 (v ADDRESS = 0, OFOL '
— —FIELDBODD ___ _ f vy ADDRESS -~ 0, EFOL}
FIELD AEVEN —-» 2 Y ADDRESS = 0, OFEL)
— __FIELDBEVEN_ 3 (y ADDRESS 0., EFEL)
FIELD A ODD > 4 (v ADDRESS © 1, OFOL
— ___FlELDBODD 5 (v ADDRESS = 1, EFOL)
FIELD AEFVEN > 6 (y ADDRESS = 1, OFEL)
— __FIELDBEVEN v (Y ADDRESS = 1, EFEL)

Figure 37. TV Display

difficult situation arises: the y address of the EFEL memory bank remains 0 and the y address of the
OFOL and EFOL memory banks are incremented by | to obtain the proper y address.

High-speed adders implement modifications 1o the v address. Constants Cl. C2, C3. and C4 are
generated on the tiv ng board and added to a base v address to create the modified v address for the
memory banks.

4.  PIPE LSICs and Interface

The PIPE LSIC is capable of operating on 9 X 1 or 3 X 3 blocks of data. cither of which may be
shding or nonshiding. The PIPE LSIC calculates the sum of products for the nine 8-bit data words that
have been loaded into the LSIC mput latches by the LSIC input strobe control line. LSIC control line
LOAD determines the data to be processed. and the PIPE brassboard must have circuitry to control the
generation of the LOAD pulse tor the various types of input data arrangements. To increase throughput.
cight PIPE LSICs are used in the brassboard: all inputs of the LSICs are connected, and data is strobed
mnto all devices simultancous!y. An input controller generates the appropriate LOAD pulses to allow the
cight PIPE LSICs to operate in parallel. and an output controller selects the outputs of the devices for
postprocessing functions.

The cight PIPE LSICs, input controller and output controller are partitioned into two wircwrap
hoards (Figure 38). Each board contains four PIPE LSICs (Figure 39) and either the input or output
controtler. All the data inputs are connected, as are many of the other control signals—word length, 2's
complement data (TCD). clock. parallel serial select. ¢te. Each PIPE LSIC has a separate LOAD.
ENABLE. and DATA VALID control line. The 20-bit outputs of the PIPE LSICs are also connected.
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Figure 41. PIPE Demonstration Brassboard Processing at 30 Frames Second (8-Bit Data:
3 X 3 Sliding Window: Same Weights) Image Size Versus EPROM Access Time

the same weighting cocficients in each PIPE, the throughput of the brassboard is eight times the through-
put of a single PIPE LSIC because cach PIPE LSIC is loaded sequentially, allowing each device to
calculate an answer for adjacent neighborhoods of the image. For operations with different weights in
each PIPE LSIC (template-matching edge detectors). eight PIPE LSICs are required for maximum
throughput, with one template assigned to each PIPE. For differential edge detectors (Sobel. Prewitt, etc.).
the weighting coefficients are arranged in pairs: the first four PIPE LSICs calculate the horizontal
response: the last four calculate the vertical response.

Because of the PIPE LSIC EPROM access time and the particular requirement of certain operations,
the PIPE brassboard does not process 512 X 512 images at 30 frames/second. Figure 41 indicates the
effect of EPROM access time on the maximum number of pixels per line, assuming 30 frames. second.
Assuming a 100-ns EPROM access time, the PIPE brassboard could process a 512 X 512 image for 3 X
3 sliding window same weights operations at 30 frames 'second. The EPROM access time is approxi-
mately 170 ns, however, as discussed in the PIPE LSIC section. Only an image size of 512 X 313 can be
processed at 30 frames. second.

An alternative to reducing image stze 1s to reduce the frame rate. Figure 42 shows the frame rate as a
function of PIPE LSIC EPROM access tme for the 3 3 shding window same weights and 3 X 3 shiding
window paired weights (Sobel).

To maintain the capabihity of the brassboard to evaluate future processors, the PIPE brassboard
operates on 312 X 512 images at the frame rate dictated by the EPROM access time and the type of
operation. Table 8 shows the numiber of passes cach operation must take through a §12 X 512 image and

the resulting frame rate. The input controller records the window location on a hine and the number of
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)
passes made, to address the timing PROM that generates the load clock. The load enable generator and 1
the multiplexers (Figure 40) provide different modes of input data demultiplexing to accommodate trans- P
form coefficient calculations and differential edge detectors. To calculate transform coefficients and
template-matching edge detectors, all eight PIPE LSICs must be loaded with the same data; i.e., have the
same load pulse. This is accomplished by enabling the second multiplexer of the input controller, thus
Jointly activating LOADS 0-7. For differential edge operators, the same data is needed by the first and ®
fifth PIPE LSICs. the second and sixth, etc. This pairing of LOAD pulses is accomplished by the OR gates
and first multiplexer of the input controller.
TABLE 8. FRAME RATES FOR VARIOUS OPERATIONS .
ON 512 X 512 IMAGE J
No.of  Frame Rate 1
Operation Passes (fps)
9 X | nonsliding window: same or different weights 2 15
9 X 1 shiding window: same weights 2 15 ®
3 X 3 nonsliding window: same weights ] 30
3 X 3 nonsliding window: different weights 6 5
3 X 3sliding window: same weights 2 15
3 X 3 sliding window: different weights 16 1.875 )
3 X 3sliding window: paired weights 4 7.5 )
| J
4
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Figure 43. LSIC Iaput Controller Timing, 3 X 3 Sliding Window Operation
(Same Weights in All PIPE LSICs)

Figures 43, 44, and 45 ilfustrate the LOAD pulse (LP) timing for the 3 X 3 sliding window with
same, different, and paired weights. respectively. A two-phase PIPE LSIC clock, PCLKE and PCLKO.,
prevents certain pixels from being ignored as a result of the difference in the strobe frequency (10 MHz)
and the PIPE LSIC clock rate (S MH2).

b.  Output Controller

The outputs ot the eight PIPE LSICs are controlled by an output controller (Figure 46). which selects

any onc. anyv pair. or all of the outputs for postprocessing. The output controller generates the tristate

enable timing for the PIPE LSICs based on the tvpe of LSIC operation.
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Figure 44. 1.SIC Input Controller Timing, 3 X 3 Sliding Window Operation
(Different Weights in All PIPE LSICs)
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Figure 45, 1L.SIC Input Controller Timing, 3 X 3 Sliding Window Operation
(PPaired Weights - Sobel)
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The DATA VALID generated by the PIPE TSIC 15 used to multiples the outputs of the cight PIPE
I SICS 10 much the same way the TOAD pulse was used to demuluplex the inputs. For operations in
which the LOAD pulses are generated sequentially, the DATA VALID pulses occur sequentially and the
output control mutuplexer selects the DATA VALID pulses as ENABLE signals for the PIPE LSICs. For
operations in which the LOAD pulses are generated i parallel, the DATA VALID pulses also occur in
parallel and cannot be used to enable the PIPE LSICS because the outputs of the four PIPE LSICs on cach
1 SIC module are connected. Theretore. the PIPE ESICS must be enabled sequentially. This i1s done by
loading one of the DATA VALLID pulses into an cight-stage seral-in parallel-out shift register: as the
DATANALID pulse s shufted dewn the shift regaster. the outputs are used to enable the PIPE LSICs
sequentially

Fhe outputs of cach set of four PIPE 1SICs are loaded into 8-bit latches. (Only 8 bits of the LSICTs
Je-bit output e used because the postprocessing and refresh memory functions are designed for 8-bit
toy-ut vadues ) Rather than usimg the 8 LSBs of the 20-bit output of the PIPE LSICs. outputs D. through
Iy are utihized Fhas represents a divide-by -4 of the output but allows more etficient use of the dvnamic
range by opreventng overflon twhich causes saturation ot the postprocessing electronics) for certain
imuage-processing operators, notiably the Sobel edge operator and fifth-level template-match edge detector.
Other operators” seights can be adjusted shghtly 1o take advantage of this increased dynamic range.
Outputs D through D Care used to indicate overflow or underflow, and D, is the sign bit.

Forthe 3 - 3 shiding waindow parred weights operation. two 8-bit data words (ODHI and ODLO.
one from cach set ot the four PIPE LSICs) are presented to the postprocessing functions. For all other
operations. the output controller’s data selector presents a single 8-bit word (ODALL) to the
POSIProcessIing circuiry.

Frgures 47,0 48, and 49 show output controller uming for the 3 X 3 shliding window and same.
ditferent. and paired weights, respectively. The DATA VALID (DV) pulses and the corresponding PIPE
LSIC ENABLE (EN) pulses are shown. Qutput data from the PIPE LSICs are loaded into latches on the
falling edge of the ENABLE pulse.

5. Postprocessing

To condition the outputs of the PIPE LSICs for storage in the refresh memory and for subsequent
displav. a limited amount ol posiprocessing clectronies is included in the demonstration brasshoard. To
calculate the magnitude of the horizontal and vertical response of the differential edge operators., a simple
magnitude function. a sum ot absolute values. 1s provided. Also included 1s a coarse (3 bits) direction
calculation. Also provided 1s the ability to find the maximum of cight inputs for determining edge
ortentation using template-matching edge detectors.

There 15 also the option 10 bypass the postprocessing functions because postprocessing s not
required 1in some applications. Additionally. an operator-controlled threshold 1s provided 1o pernut evai-

uation of various thresholds on diflerent image-processing algornithms. The operator sclects a threshold
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Figure 47, 1.51C Qutput Controller Timing. 3 ~ 3 Sliding Window Operation
(Same Weights in A PIPE LSICY)

(0=235). and deades it values above or below the threshold value are 1o be passed directly to the refresh
memorny: fvalues above the threshold are to be passed unmoditied to the refresh memory. all data values
below the threshold will be set to O, i values below the threshold are 10 be passed to the refresh memory.,
ali vatues abose the threshold wiil be set 1o 235 The postprocessing also has circuitry to pass - 235 for

negative  overtlow  conditions when  the operator selects the magnitude  function: when other

postprocessing tunctions are selected. a 018 passed tor negative input values. Fhis prevents the display of

negative pivel values as positive vatues on the monitor.
The postprocessing board. which aiso contamns part ot the rofresh memorny controtter arreuntry s

shown i Bagure St
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Figure S, Postprocessing Board

In Frgure ST o srmplitied block diagram ot the postprocessing clectrontes. input signals ODHI
ODLO ang ODATL represent the data trom the PIPE LSEC output controller. The output select signals
are docodod rome the brasshogrd™s front pancl For neaeaitude operatons, data mputs ODHEand ODE O,
which reprosent the outputs of cachi set ot toar PIPE TSICS, are used For iindimg the maximum of ¢ight
Mpuis o ol no operation. the das mputs ODATT  whieh represent the outpuats ot all eight PIPE TSICS,
dare used
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Figure S1. PIPE Demonstration Brasshoard Postprocessing

absolute-value functions already exist. The 3 output bits D Do and D, represent the edge direction

quaniised (o 18 degrees.
The maximume-of-cight input 1s also straightforward. The output o' a PIFE LSIC is loaded into an
8-bit latch and compared to the nextavailable LSIC output: if the most recent PIPE LSIC output is larger

taan the value stored in the latch, 1t s loaded into the lateh: if it is not Targer. the value in the lateh is

unchanged. Atter all cight PIPE LSIC outputs have been tested. the latch contains the maximum value, If

a positive overflow condition exists, the value 2355 is displaved: i a negative overflow exists, a 0 s
displayed. For no-operation postprocessing. only positve values betwen 0 and 255 are displaved: negative
values are replaced by 0, and values greater than 255 are replaced by 2535,

The operator has complete control over the postprocessing function, selecting the function. magni-
tude. maximum-of-cight or no-operation processing 1o pass to the refresh memory.,
6.  Refresh Memory

The refresh memory has two functions: it accepts data from the postprocessing clectronics and
provides digital words to the DAC for reproducing analog video. These functions cannot be performed at
the same speed and thus. must be ssnchronized. Implementation of the retresh memory s almost idenu-
cal to that of the buffer memory, differing only shghtly i the write and output sections 1o account tor the

output controller and postprocessig tning. The refresh memory stores a complete video frame (312
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512 X 8) and requires four wire-wrap boards as shown in Figure 33. Each board holds two bit planes. i.c..
® 512 X 312 X 2 bits. ® 1
Figure 54 1s a block diagram of the refresh memory circuiry. As in the buffer memory. the refresh
memory is partitioned into odd and even fields and odd and even lines. Also. the v address is moditied
using the same vy address lines and address modifiers C1 through (4 as in the buffer memory. In the
‘( refresh memory. however. the x address is also modified: this is necessary 10 compensate for the delays in ®
‘ passing the data from the input to the output of the brassboard. The x address is modified by using
control lines BO through B7. which are inputs to the fast adders used for v address modification and
which are also constant because the delays through the system are constant for a given operation. Another
L.; distinction versus the buffer memory is that the refresh memory does not provide the simultaneous ®
outputs. This reduces the number of output multiplexers to one and the number of output select lines to
three. The wrnite circuitry for the refresh memory boards is also slightly different. On certain operations 1
done by the PIPE LSICs. a single output word is produced every 16 clock cycles: therefore. two sequential
° PIPE LSIC outputs are not adjacent pixels on the display. This requires that cach memory cell (i.c.. a ®
memory device at row x. column v in Figure 54 be written independently and exclusively of ali other
memory cells. Additional write cnable decoding hardware provides 16 independent write pulses
(WB!I-WB44). Control lines YO, ODDFILD., and WR provide a write pulse for the desired row (i.c..
° OFOL. OFEL. ctc.) while control lines ENWBI, ENWB2, ENWB3. and ENWB4 determine which .
{ column or colu.nns of the row recetve a write pulse. Therefore, writing to any given memory cell may be 1
done independently.
Reading data tfrom the refresh memory is identical to the butfer memory read operation. 4
) . .
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Figure 6. Syvochronization and 1iming Board

7. Synchronization and Timing

I'he PIPE demonstration brassboard contams all the synchronization and timming needed to control
cach olts functions. As shown i the block deeram. Figure S50 the timing board (pictured in Frgure 56)
generates the necessary synchronzation for the COHU 3400 camera. as well as the honizontal and veru-
cal blanking and sync and composite blanking and syne for diginzing and later ereating RS-170 compat-
ible video. The v and v addresses, row address strobe. column address strobe. write, load, and address
modifiers tor the butler and refresh memories are generated on the timing board.

Camera svachronizaton s implemented by a commercrally avatlable TV camera syne generator 1C
requinng a | 260-MH/ reference. A mummmum samphing time of 16023 ns is needed 1o acquire 5312
samples along a horizontal line of FEA Standard RS-170 video., Thas corresponds to a 9.73-MHy clock
rate. which s notan mteges muluple ol the camera syne generator reference, and a slightly higher 10.08-
MHZ sample clock was used  The etfect of thes faster clock s indicated i Figure 37, For the PIPE
brassboard. the active horizontal e time s SO s g decrease of 1.7 s from the ELA Standard RS-170
video, This munor devation does not attect the pertormance ot the brassboard and greathy simplities
ssiichromization. A 30 32N rvstat osallator s used as the master cock tor the brassboard to permint

precise contyol of the vanous fuoctiens
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Horizontal. vertical, and composite blanking and synchronization are generated from the % and v
addresses. The 9-bit x address 1s implemented with synchronous counters clocked by the gated 10.08-
MH_: clock. The x address counts from 0 to 511 during the active horizontal line time: during the 512 to
640 count. the horizontal blanking pulse is active, and at 640 the x address generator i1s cleared to 0.
Correspondingly. during the 531 1o 579 count. the horizontal synchronization pulse is active. The x
address generator is preset to count 579 by the horizontal reset. which is generated from the standard
composite syne generator [C. Figure 57 shows the x address count for the various horizontal timing
relationships.

T'he v address generator is s.nilar 1o the x address generator. The y address generator produces 8-bit
addresses. The standard horizontal sync pulse generates control signal CLAMP during the horizontal
back-porch interval. clocking the v address generator. The vertical sync pulse resets the y address genera-
tor to 0. Vertical blanking occurs when the ripple carry ouputs of the v address counters indicate an
oaverflow conditon. Vertical syne is implemented using up/down counters clocked by the 1.260-MHz
clock: the standard composite syne 1C controls the direction of count. Composite sync and composite
blanking are generated by logical ORing of the horizontal and vertical sync and blanking, respectively.

The ninth bit of the v address is an evensodd ficld indicator. It 1s generated by counting the number
of transitions of the fifth bit of the x address (x4) during the period beginning with vertical blanking and
ending with vertical sync: this is equivalent to counting equalizing pulses of broadcast-format video. The
number of transitions of x4 during a count is compared to the number of transitions during the previous
count: if there are more transitions in the most recent count, it is the even field: otherwise, an odd field is
indicated.

The memory controller uses the 9-bit x address. 8-bit y address. even/odd field indicator. composite
blanking. gated 10.08-MH7 clock. and parallel/serial control line to create the row and column address
strobe, write pulses. address modifiers, and multiplexed address for the buffer and refresh memories.

The memory controller generates only a 7-bit multiplexed x and y address for the buffer and refresh
memorics. As four values are written into memory is parallel, the x address is reduced by 2 bits. Addi-
tional v address bits (YO and ODDFLD) are used by the memory boards to achieve full 9-bit y address-
ing. A write ¢nable (WE) control lin¢ from a pushbutton on the brassboard’s front panel implements a
frame-freeze function by inhibiting the write pulses to the buffer and refresh memories.

8. Control Panel

All operations of the PIPE brassboard are controlled by the user at a panel (shown in Figure 58). The
front panel contains a I-line. 24-character liquid crystal display (LCD): a 16-character (0-9. A-D. *. #)
key pad: and a thumbwheel switch. An 8-bit microprocessor and peripheral interface device on the
brassboard controller permits the user to set up the demonstration brassboard to implement a selected
algorithm. The CPU queries the user about the type of operation (parallel or serial. sliding or nonsliding).

the type of input data (2°s complement or magnitude). the tvpe of memory coefficients (2's complement

73

Adshinbdhddudedeten




DATA
BUFFER
DATA
BRASSBOARD
6802 24-CHARACTER 2K CONTROL 6821 16~KEY
CPU LCD MODULE EPROM WORD PIA | | KEYPAD
LATCHES
ADDRESES
TO
ADDRESS BRASSBOARD
PUFFER

Figure S8. Front Panel Brassboard Controller

or magnitude), the length of the input word, and the tyvpe of postprocessing desired. The controller also
asks how the weighting cocethicients of the eight PIPE LSICs are arranged: i.c.. same weights in all the
LSICs, different weights in cach LSIC, or paired weights. The controller notifies the operator if a nonvalid
response has been entered: for example. a letter input when a number 1s required. If the operator requests
an undcefined operation, the controller notifies the user. On request (# key). the controller displays the
current operating parameters, The * key is used 10 begin the process of setting up new operating param-
cters. The software required for the CPU s stored ina 2K X 8 EPROM and can be casily changed 10

upgrade or modify the operations of the brassboard.

The thumbwheel switch on the front panel is used to threshold the output and has two modes of

operation 10 enhance the output image: cither the output values above the threshold are set to gray-level
255 or the values below the threshold are set to gray-level 0.

On the key pad. symbols A, B, ¢, and D automatically instruct the brassboard to perform certain
predefined operations. The A key represents Sobel operation: sliding., parallel, 8-bit magnitude input
data: 2’s complement weighting cocfhicients arranged in pairs: and magnitude postprocessing. When
power 1s initially applied to the brassboard. the controller defaults 10 Sobel operation. The B key repre-
sents operations requiring shiding, parallel. 8-bit magnitude input data: 2's complement weighting
cocflicients: different weights for cach PIPE LSIC: and maximume-ot-cight output postprocessing. This
operation is used for template-matching algorithms (i.c.. compass gradient. Kirsch. ete.). Operations
sclected by the C key are similar to B-key operations except that the same weights are in cach PIPE LSIC
and a “'no-op” postprocessing function 1s selected: this allows a shiding 3 X 3 filter to be implemented at
the maximum frame rate. The only difference between C-key and D-key operations 1s that the latter

selects nonshding operations, allowing processing on 3 X 3 contiguous blocks of pixels.
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The brassboard controller is implemented on a board located in the left rear quarter of the
brassboard and connected to the front panet and other brassboard functions through 40-pin ribbon cable.
9. Summary

The main design goals of the PIPE demonstration brassboard were the ability to fully evaluate the
PIPE LSIC and the flexibility to evaluate future image-processing hardware developments. Those goals
have been achieved by functionally partitioning the brassboard into four major sections:

] Analog-to-Digital Conversion

This half-board digitizes standard RS-~170 video from a COHU 4400 camera into 8-bit
digital data.

° Memony

Eight boards of the brassboard are used to implement a frame buffer and refresh mem-
ory. Both memories store a complete video frame (512 X 512 X 8 bits) and are designed
with 16K X | dvnamic RAMs. Each board holds two bit planes (i.e.. 512 X 512 X 2
bits).

. PIPE LSIC and Postprocessing

These three boards contain cight PIPE LSICs, their input and output control circultry.
and the postprocessing functions. These boards can be replaced by future processor
boards and cvaluated using real-time video.

] Digital-to-Analog Conversion

This half-board converts the digital data from the refresh memory into analog data and
provides the necessary synchronization to create RS-170-compatible composite video
tor the TV monttor.

The partitioning of the system is shown in Figurc 59. A synchronization and timing board to

generate the necessary clocks to control each of the brassboard functions makes the brassboard
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{ PY TABLE 9. POWER AND SIZE OF PIPE
DEMONSTRATION BRASSBOARD

Size Power No. of

Function (in.?) (W) Boards

L, ADC/DAC 36 14.1 |
Buffer memory 144 18.6 4

i PIPE LSICs IC interface 72 15.3 2
Postprocessing 36 94 1

[ Refresh memory 144 20.3 4
Timing and control 36 6.9 1

Front-pancl controller* 28 20 I

Total 496 86.6 14

*The front panel controller board is external to the
q rack assembly.

completely self-contained. To communicate the type of desired operations, an interface between the user
and the PIPE LSICs is implemented through a front-panel controller.

The brassboard hardware is shown in Figure 60. The lower photograph shows the brassboard with
the front panel lowered, exposing the 13 wire-wrap boards on which the brassboard's functions are
constructed.

The power and size of the demonstration brassboard are indicated in Table 9. The memory function
has the largest power and size requirement, but its inclusion gives the desired flexibility.

The brassboard 1s designed to operate in real time. i.c.. thirty 512 X 512 X 8-bit video frames's.

The ADC. buffer memory, postprocessing, refresh memory. timing functions, and DAC are capable of
operating with a 100-ns clock. The access time of the EPROM on the PIPE LSICs prohibits operating
faster than approximately 200 ns. and multiple passes through an image are required to process an entire
frame. In Table 10 are the frame rates for the various operations. These reduced frame rates are for the

PIPE LSICs only and do not prohibit real-time evaluation of future processor developments.

TABLE 10. FRAME RATE FOR VARIOUS OPERATING CHARACTERISTICS

Operation Sliding Nonsliding
Input Weights
Data Same Different Paired Same Different Paired
Parallel ) I.875 7.5 30 h X
Senal [ x < 5 15 X

X Operations not defined.
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D. BRASSBOARD DEMONSTRATION

A major objective of the brassboard is to demonstrate the versatilits ot the PIPE LSIC. To demon-
strate the PIPE LSIC capability 1o perform vector or transform operation requires a serial data path into
the PIPE LSIC and the necessary processing of the PIPE LSIC output tor display on the TV monitor.
These operations are supported by the brassboard. but. because ot the serial nature of the data. the display
does not provide the observer an interesting image. A more meaningful demonstration of the brassboard
15 the parallel mode of operation. These operations show the flexibility of both the brassboard and PIPE
LSIC. Neighborh ad operators were used during the hardware evaluation and to demonstrate the
brassboard.

The tesung of the various tunctions of the brasshoard utilized a 3 < 3 sliding same-weight data in
all eight PIPE LSICs, no postprocessing operation with umity operator: all (7’s in the 3 X 3 window except
for a value of 4 1n the center nixel location. Recall that the PIPE LSIC outputs are shifted by 2 bats: thus. a
value of 4 rather than 1 is placed in the center pixel location. With the unity operator. the output of the
brassboard should be a replica of the input: any noise. ghosting. or other artifacts are readily observed.

After all the brassboard tfunctions were operational. the weighting arrays in the PIPE LSICs were
changed to demonstrate more interesting image-processing operations. A common and important image-
processing operator is low-pass filtering. Several weighting arrays are suitable for low-pass filtering. but
basically they all calculate the mean of the intensity levels in a small neighborhood of pixels. Figure 61
demonstrates the use of the PIPE LSICs to implement a low-pass filter. The weighting array was pro-
grammed into all eight PIPE LSICs, allowing maximum throughput. The no-postprocessing function was
used. As previously discussed. the PIPE LSIC EPROM has an access ume ol approximateh 200 ns.
requiring two passes through the image: this represents a 15-Hz trame rate. Considerable blurring of the
image. indicative of low-pass hltering. can be observed.

Another important image-processing operator is the edge detector. The two most common tvpes are
differential edge detectors and template-match edge detectors. Differential edge detectors require spatial
convolutions of the input image with both horizontal and vertical weighting arravs. The outputs of the
two convolutions are combined to produce an edge magniwde. Figure 62 shows the result of implement-
ing the Sobel differential edge detector with a sum of absolute values as the magnitude technique. To
improve throughput, four PIPE LSICs calculate the horizontal response while the other four calculate the
vertical response. The magnitude postprocessing function 1s used. This corresponds to a 3 % 3
shding paired-weights magnitude function. Only four PIPE LSICs are operatng in parallel on one diree-
tion and the throughput for the Sobel operation s 7.5 trazes second tor 312 < $12 0 3-bit images.

In template-matching edge detection, a set of weighting arravs corresponding to the cight major
compass directions (north. northeast, cast. cte.y1s convolved with the mput image. The PIPE brassboard

casily implements template-matchimg edge detection by using cach PIPE TSIC 1o calculate the response
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Figure 62, PIPE Demonstration Brasshoard Implementing a Sobel Fdge Detector




for one compass direction. For cight compass directions. the eight PIPE LSICs cannot operate in parallel
on one direction; therefore, the throughput for template-match edge detection 1s 1875 frumes s The
maximume-of-¢ight postprocessing function is utilized. Figure 63 shows the PIPE brasshoard implement-
ing the fifth-fevel template-match edge detector. The south and west weighting arravs of the titth-level
template-matching edge detector are identical to the weighting arrays used 1o calculate the Sobel edgen
The addition of extra weighting arrays makes the response of the template-match edge detector more
exact than the response of the sum of absolute values used in the Sobel edge detector. The edge responscs
shown in Figures 62 and 63 are similar, but the template-match response 18 stronger than the Sobel

responsce.
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