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Abstract

The purpose of this work is to demonstrate the feasibility of using

microprocessors in ultrasonic inspection. Benefits of employing a micro-

processor are two—fold, the first with respect to the development of a

small, compact and portable inspection device, and the second with respect

to obtaining flaw data in digital format for use in structural mechanics

computer programs for stress analysis.~~~n ultrasonic problem was selected

that clearly demonstrates the capäbilit~)’ of a microprocessor with initial

attention on problem simplicity from an ultrasonic inspection point of view.

Such items as data storage, computational speed, computer language selection

and utilization, interfacing techniques and the use of such peripheral devices

as analog to digital converters and display devices are reviewed in the paper.

The problem selected for this study is that of modelling an ultrasonic

inspection of the steel plates f rom the hull of a ship. The procedure will

be applicable to both quality control during manufacture and in—service in-

spection. Procedures for implementing an advanced ultrasonic inspection

algorithm applicable to adhesive bond inspection is also outlined in the

paper.
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Introduction

The use of high speed digital computers in ultrasonic inspection has

become t remendously popular as the science of ultrasonics becomes more

sophisticated. Most of the more difficult ultrasonic inspection problems

are first considered in the laboratory in a variety of feasibility experi-

ments. The laboratory provides us with the computational efficiency of

large computers, plus an ideal controlled environment to expedite the solu-

tion to difficult problems. Once a solution has been developed, the next

step is to adapt the technique to the field situation. One of the major

dif ficulties in field implementation is the unsuitability of the large high—

speed computers for field inspection. Thus , one key to field implementation

success is the utilization of a microprocessor , which rep laces the laboratory

based computer , the microprocessor approach serves as an alternative to the

hardware analog circuit system which is often limited in its total capab ility

of implementing advanced computational algorithms for inspection and reflector

classification.

Such items as data storage, computational speed, computer language gel—

action and utilization, interfacing techniques and the use of such peripheral

dev ices as analog to digital converters and display devices are reviewed in

the paper.

One purpose of this paper is, therefore, to demonstrate the feasibility

of incorporating a microprocessor into an actual ultrasonic inspection system.

An tsr—il microprocessor was used as the central processing unit for an accu-

rate and fast C—scan system for flaw growth determination. A sample inspec—

tion problem for the U.S. Navy was considered in this work, in particular

that of inspecting large plates from ship hulls. Mappin. procedures for

damaged areas are presented for both quality control and in—service inspec-

tion problems.

—1—
4

— _____ - - -— —

— 
.. —. —~~~- . ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



fl~~~~~~~~~~~ -~~~~ _ _

e
To use this microprocessor based inspection system developed by this

study, the area of interest could first be determined either from a quality

control examination, a possible acoustic emission, liquid penetrant, or

visual inspection. Then the proposed system is used to manually scan the

area of interest, record the location of the edge of the damage and present

a complete picture of the extent of the damage. In addition, this equipment

is also designed to monitor the damaged area and to note any growth while

the ship is in service. Benefits of employing a microprocessor are two—fold ,

the first with respect to the developmen t of a small , compact and por table

inspection device , and the second with respect to obtaining flaw data tn

digital format for use in structural mechanics computer prograns for stress

analysis. Once the extent of the flaw is determined, for example, the

information can be incorporated into a structural dynamics finite element

code to calculate the criticality of the damage.

Once the ship hull inspection problem was solved, the potential of the

microprocessor for ultrasonic inspections was further explored. The diffi-

cult problem of nondestructively determining adhesive bond strength was

considered for implementation on the miâroprocessor system. Procedure for

implementing an advanced ultrasonic inspection algorithm applicable to

adhesive bond inspection is also outlined in the paper.

/
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Microprocessor Selection Considerations

A most critical step in developing an ultrasonic data acquisition and

signal processing system is the selection of the central processing unit,

in this case a microprocessor. Since this study involved only small portable

computing packages, the types of central processing units (CPU) can be

separated into dedicated microprocessors and programmable microcomputers [11.

The dedicated system is permanently programmed to perfo rm a specific algorithm

only. Usually the program is developed on a larger computer system and

“burned” into the memory of the CPU. In general, as long as the micro-

processor can handle the instruction set of the program and has sufficient

memory size to hold the program) then it is acceptable. The only other

considerations in the dedicated system would be physical such as size, weight,

and power consumption. A more flexible, programmable, microprocessing

system requires many other considerations before selecting the optimal machine.

The programmable microprocessor is basically a scaled down version of a

traditional computer. The microprocessor’s internal architecture is similar

to the large computer, only the microprocessor relies on large scale integration

(LSI) and other sophisticated electronics to shrink its size (1]. The first

consideration when choosing a microprocessor is the word length. The word

length is the number of bits that the computer can process as a single ,

primary unit. A larger word length has many advantages . A large word length

allows the computer to handle big numbers easily. Thus the word size is

directly proportional to the size of the instruction set , the number of

memory locations that can be addressed , and the accuracy of the mathematical

calculations. The word size is also somewhat responsible for the speed of

the machine. For example , a 16 bit machine could handle an arithmetic

_____________
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addition in one step whereas an 8 bit machine might need two or more steps

to do the same addition; The number of memory addresses and therefore the

size of usable memory is dependent on the word length. Memo ry size is

important for loading advanced algorithms and larger memory sizes are

needed to use higher level languages such as Fortran. Also the longer

word length allows more significant digits to be used during arithmatic

calculations and thus provides better accuracy.

Another important consideration when selecting a programmable micro-

processor systim is its flexibility for interfacing an assortment of peripheral

devices. This flexibility depends strongly on the bus architecture. The

bus allows the various computer components such as the CPU and interface

cards for peripheral devices to be connected for transferring information.

A convenient bus structure incorporates asynchronous, bidirectional H

communications. Asynchronous means that each peripheral device whether serial

or parallel , can pass data along the bus at the device’s own speed and thus

no special interface is needed. The bidirectional characteristic of a bus

means that information is passed in both directions, between CPU and peripheral

on the same set of lines, this provides a simpler and more easily programmed

bus structure. The most flexible microprocessor system would handle parallel,

serial and direct memory access (DMA) interfacing. Parallel data transfer

means that the data is passed a word at a time which necessitates a transfer

line containing at least as many conductors as there are bits in. the word.

This method of data transfer is the quickest and is the most cotmnon. Serial

communication was the first invented and is better suited to sending data

over longer distances. The serial method uses basically a single conductor

to send the information one bit after another. An interface card must then

.—~~~~~~~-—-. — .. ~ ~
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convert the string of data bits into words and pass these words in parallel

forts to the CPU. A universiai. asynchronous receiver transmitter (UART)

is the primary component in a serial interface for parallel formating.

A final consideration for microprocessor selection is speed of computa-

tion.. The microprocessor is inherently slower than the larger computers ,

but this difference is quickly diminishing. There are several characteristics j.

of the microprocessor which influence its speed. The first characteristic is

the electronic component design which includes the CPU’s internal clock and

the bus cycle time. This sets the rate for instruction processing and data

transfer. A valuable characteristic of some microprocessor is direct memory

access (DMA) which allows the direct transfer of data from a peripheral device

to the computer ’s memory without CPU intervention. This form of data transfer

does not depend on bus cycle time and therefore is a much faster method to

transfer data. And finally, the software influences the computation rate.

Initially microprocessor had limited memory size and they had to be programmed

in a machine language, but as the microprocessor advanced so did the assort—

aent of programming modes.

-5- 
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I
Programming.. Considerations

A primary consideration in the development of software for the micro—

processor is the language to be used. Microp rocessors in general , due to

their limited internal storage must be programmed with an efficient language [2 ,3].

The s~ st basic of computer lan guages is called machine language which con-

sists of a list of numbers . It is the machine language that the computer

actually uses to perform its operations. A list of numbers is diff icult

for a person to understand, so a more advanced language was designed that

used mnemonics for instructions. This language is called assembly language

and is easily translated into machine language. Higher level languag•2s ,

such as Fortran , consist of English words for instructions and need a

sophisticated assembler to translate the words into machine language. This

assembler requires a large amount of internal storage and does not translate

F the program into the most efficient form. Higher level languages are de-

signed to run on large computers where internal storage is; not a limiting

factor. But when programming a microprocessor, the ease of progr~~~ing in

Fortran must be sacrificed for the efficiency of assembly language.

A study was conducted as part of this report to determine the optimal

progr~mm{ng mode for the LSI—l1 microprocessor. Since the LSI—ll micropro-

cessor is compatible with the PDP11/05 minicomputer (see Fig. 1), the soft -

ware was developed on the minicomputer and loaded into the microprocessor.

A unique feature of the LSI—l]. microprocessor is its large internal storage

which allows for some higher level language usage. A balance of higher

level language and assembly language would be beat. Certain device handlers

and time consuming routines should be programmed in assembly language while

the main program should be written in Fortran to decrease development time.

An example of the t ime savings of assembly language was demonstrated by a

comparison of a fast Fourier transform (FFT ) in Fortran and a TFT in assets—

bly language. The Fortran version took 33 seconds to compute the Fourier

-6-.
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transform of a 256 point amplitude—time signal, and the assembly language

program took 3 seconds to transform the same signal. Therefore , the assemb ly h
language FFT could save considerable amounts of time in a program that cal-

culated many transforms. The higher level language is used in the main

program because the routines are not time consuming and the high level

language, Fortran , is much easier to write. The reason. Fortran is not as

fast or as efficient as assembly language is because a single Fortraa state-

ment is actually translated by a compiler into generally several machine

language steps. The way the compiler does this translation is not always

the best or most efficient and this more time is consumed executirg that

• statement as compared with an assembly language statement which is usually

• a one for one translation to machine language (a binary number) and thus -

does not involve a compiler. Also the assembly language p rogrammer must

tell the computer explicitly how to run the program and thus can specify

• the most efficient manner. This means chat the assembly language program

takes many more statements than the Fortran counterpart and is usually more

difficult to develop. A Fortran listing and an assembly language listing

of a program that multiplies two numbers is displayed in Figures 2 and 3,

respectively. These listings illustrate the difference in the number of

programming steps and complication between Fortran and assembly languages.

The combination of faster, more efficient assembly language subroutines and

easily developed higher level language ma in programs provide a powerful,

versatile software development system.

—7—
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Sample problem

The problem of scanning a large steel plate and determining the extent

of any damage was divided into four segments. First, a mechanical scanner

was designed and built to record accurately the location of the transducer

on the plate. The scanner, as shown in Figures 4 and 5 , is attached to the

plate at its pivot point by either a magnet or a suction cup . The trans-

ducer is attached to a slider which is mounted on an arm that is allowed to

turn about the pivot point. A polar coordinate representation of the trans—

ducer’s location is obtained from potentiometers, one located at the pivot

which provides the angle, and one attached to the slider by a string and

pulley system which provides the radius.

The second par: of the system is the data acquisition equipment which

is shown in Figures 5 and 6, and consists of a USIP—li. flaw detector with

peak detector and an inexpensive analog to digital. converter. The USIP—il

is used to pulse the transducer and to gate out the significant signal.

— Its peak detector will determine the peak voltage of the gated signal and

the analog to digital converter will digitize that voltage so it can be

stored in the microprocessor. Therefore, each data point will be an element

of an array which will be stored in the computer in the form of a radius, an

angle, and a voltage (r , 0, P ) .

The third part of this inspection system is the signal processor. The

signal processor consists of an LSI—ll microprocessor, a video display ter-

minal , a paper tape reader/punch and the necessary interfacing hardware,

Fig. 7. An LSI—li. microprocessor system was used for studying such problems

as storage requirements, computation time, interfacing problems, programming

modes and general adaptability to nondestructive testing :.inds of problems.

The LSI—U. unit was selected for several reasons, the principle reason of
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which is associated with the availability of a development system in our

laboratory, namely the PDPL1/05 minicomputer S~~~teta. Also, the LSI—ll is

one of the more versatile microprocessors with more than sufficient memory

capacity for this proL.em. This signal processing system must store all the

data points and their respective voltage levels , plus determine which data

points locate the edge of the damaged area. Once the edge points have been

separated, a picture of the damaged area can be displayed on the video

terminal and punched on paper tape for a permanent record.

The fourth and final segment of this project was to design and con—

struct test plates for determining the accuracy of the system. Two ship

hull model specimens have been designed to test the capabilities of the

microprocessor based , ultrasonic C—scan inspection system . D~~w~ngs of

the two test specimens are shown in Figures 8 and 9 • These specimens

were machined from 1/2~~ thick steel plates and included various curva-

tures , ri&ht angles, and depths. The manual C—scan apparatus was used

to determine the location and shape of each flaw. An accoun t of the

accuracy and reproducibility of the microprocessor based C—scan system

was gained by using these two models.

—9—
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Results

• The uti l i ty  of a microprocessor in an ul trasonic inspectiun system is

certainly demonstrated with the design and imp lementation of this micropro-

cessor augmented C—scan system. There are two options for the form of the

output from this microprocessor based ultrasonic test apparatus. The out-

put may be displayed on the video terminal by a crude graphics mode. An

example of this display is shown in Figure 10. Also , the microprocessor is

able to punch on paper tape the precise coordinates sent to the microprocessor

from the potentiometers of the C—scan device. The precise coordinates can

additionally be plotted on a more sophisticated terminal if the microprocessor

is directly interfaced, for example, to a P1W—il terminal. The graphics pack-

age on the PDP—ll terminal was used to demonstrate the accuracy of the micro-

processor controlled C—scan system. PDP—ll drawn plots are shown in Figures

11 and 12 along with an actual drawing of the flaw.
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Advanced Ul t rasonic  Ir~p 1ementation Problem

A large number of problems in nondestructive test ing require the use

of advanced techniques in pattern recognition. An outline of a sample

problem for microprocessor implementation of an advanced ultrasonic inspec-

tion problem, that of adhesive bond s t rength prediction , is presented in

the following text. The p rob lem of adhesive bond inspection is of particu-

lar importance to the jo in t  technology because adhesives are gaining wide

usage in structures where weight savings, good load transfer properties ,

and environmental degradation resistance are important.

The problem of predicting adhesive bond strength ultrasonically has

been studied by Rose and Thomas [4]. Their technique has been proven 91%

reliable using a Fisher Linear Discriminant function to classify bond

specimens into two classes, good and bad. For industry to take full advan-

tage of such a technique, a microprocessor based ultrasonic data acquisition

and signal processing system is needed. This system would provide the por-

tability necessary for in the field inspections of bonded structures and

also provide the computing power necessary to operate the data acquisition

equipment and run the advanced pattern recognition algorithm.

The components needed to assemble an adhesive homd inspection system

are listed in table 1. This system is controlled by a’s LSI—ll micropro-

cessor with 28K words of memory. The microprocescor must be interfaced with

a high speed analog to digital converter comparable to the the Biomation

8100. The microprocessor must be capable of operating; the sophisticated

device handler used to control the AID converter. A ~~ss storage device is

optional but is useful for storing data and developing; software. A video

terminal is used for communicating with the microproce~ssor and for display—

• ing the results of the inspection. The data acquisitf~on is done by the

ultrasonic equipment that includes an ultrasonic pulsa~r/receiver, a 20 “Vz

broadband contact transducer, and an oscilloscope to monitor the R—F wave—

.4.3.—
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form. Figure 13 is a block diagram of the ultrasonic , adhesive bond inspec—

tion system. For an operational system the microprocessor must he able to

handle the following software. This software must be contained in the

m icroprocessor ’s internal memory if a mass storage device, such as floppy

disk, is not included. First,the device handler and corresponding subroutine

to control the A/D converter is needed. Then the programs or subroutines to

reduce the data and extract the features are added in. And finally the

actual pattern recognition algor ithm , in this example the Fisher Linear Dis—

criminant function, is included to predict the adhesive bond strength. The

LSI—ll microprocessor studied for this project had 28K words of memory which

is sufficient to hold the necessary software to perform the adhesive bond

strength prediction algorithm. The system is not actually running advanced

ultrasonic algorithms because the Biomation 8100 analog to digital convert—

• er has not yet been interfaced to the microprocessor . Instead, the micro—

processor was simulated on the P1W—il/OS minicomputer which has the A/D

converter interface. The PDP—ll/05 minicomputer has the same internal memory

as the LSI—il microprocessor plus the operating instruction set for both —

machiaes . ls identical. if the advanced ultrasonic inspection program can

run and fit in the memory of the minicomputer, It can also be handled by the

microprocessor. The main difference between the two computers is the com-

puting time. The microprocessor is slightly slower but since the ultrasonic

inspection process does not rely on “real—time” predictions, this speed

difference is not deterring. In conclusion, an implementation of a micro-

processor , such as the LSI—ll, is definitely possible for advanced ul trason ic

inspection algorithms.

L 

•  
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Software for tvlhesive tend Inspection

The adhesive bond strength prediction algorithm as developed on the

P1W—li/OS minicomputer for simulation on the LSI—1]. microprocessor is as

follows. First, a subroutine is called to operate the Biomation 8100

analog to digital converter. This subroutine triggers the AID converter

and captures the ultrasonic R—F waveforms reflected by the adhesive bond

layer. This ultrasonic signal is temporally averaged to reduce noise

effects. Next, the amplitude— time pulse is transformed into the amplitude—

frequency domain using a fast Fourier transform. The Fourier transform of

a reference pulse is divided Into the Fourier transform of the bondlirie echo

to produce the transfer function of the bond layer [51. Feature values are

then determined from the amplitude—time signal, its Fourier transform and

the transfer function. These features are listed in Table 2 and dIsplayed

in Figures 14, 15, and 16. Once the feature vector has been determined, the

feature values are inserted into a Fisher L,iricar Discriminant function of

the form:

a1x1 + a2x2 + a3x3 + ... + a x  — b (11 .

The a’s are the predetermined coefficients that when multiplied by the

respective feature vector value Cx) produce a scalar result, b. The b

ialue is compared to a threshold value that is used to separate the two

classes of bonds, good and bad. If the b value is less than the threshold,

then the computer prints “bad spot” on the terminal and if the b value is

greater than the threshold, the computer prints “good spot” on the terminal.

In su~~ary , the results of the feasibility study using a PDP—11/05

minicomputer to simulate the LSI—11 microprocessor for implementation of an

advanced ultrasonic inspection such as the adhesive bond problem clearly

demonstrated the potential of a microprocessor in the ultrasonic inspection

• field.
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Loc.clusiotts

The microprocessor based , portable C—scan ultrasonic inspection system

developed in this study is a significant advance in the area of ultrasonic

field inspection. This study clearly indicates the usefulness of micropro-

cessors for ultrasonic flaw detecting applications. Though there is still

a tremendous amount of research needed to fully incorporate microproct.ssors

in the field of ultrasonics, the potential has been realized by this work.

The C—scan apparatus developed is an important addition to the ultrasonic

field Inspection technology. This system allows manual scanning of the

area of interest, records the location of the edge of the damaged area and

presents a graphical picture of the extent of the damage. The area of

interest must first be determined either from a quality control examination ,

a possible acoustic emission, liquid penetrant, or visual inspection. In

addition , this system is designed to monitor the damaged area and to note

any growth while the ship is in service. The use of the ultrasonic C—scan

device is not limited to ship hull inspection but for examp le , could be

programmed to map delaminations in composite materials or even defective

area in sit adhesive bond layer. Therefore, the microprocessor in the C—scan

system provide a great amount of flexibility in the system’s app lications.

A microprocessor based ultrasonic test system would also he used for

solving advanced problems in adhesive bond inspection. As illustrated in

this paper, the control of an analog to digItal converter and the

imp lementation of an advanced pat tern  recognition al gorithm could be

handled nicely with a microprocessor.
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1) LS I -11 micrcprcc essor with 28K words of memory 
•

- 
2) High speed analog to digit al conve rter - compa rable to

Biomation 8100 -

3) Mass storage device - such as floppy disk

• 4) Video terminal for communications with microprocsssor
- 5) Ultrasonic pulser/rece ive r

- 6) 20 Mhz broadband contact transducer

7) Oscilloscope to monitor u ltr asonic R-F waveform
~I’I

8) Auxiliar y equipment such as connectors , cables ,
-~~ and interface ca rds

4

- 

Table i — Components of a Microprocessor Based Adhesive Bond
Inspection System
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_

I. Amp litude Time Domain
I) PK/PK - pea k to peak rati o of reference and ech o signals

I I  Frequency Domain - Fourier Spectrum
I) FRQ. SHIFT - frequency shift between peak frequency of reference
spe ctrum and peak freq uency of echo from the bond layer ’s spectrum.

I I L Transfe r Function Domain
I) PK. FREQ. - pea k frequency
2) D I P  FREQ. - deepest depression freq uency
3) D I P -PK FRE Q - difference between frequen cy of dip and freq uency
of peak.
4) D I P/PK AMP - ratio of dip amp fl tude and peakamp l it ude
5) DP2 -DP I FREQ. - differen ce between frequency of secondary de-
pression.
6) STD DEV. - standard deviation of transfer function
7) 6 DB BW - half way dcw n ba ndwidth of primary depre ssion

Table 2 - Features Used for Adhes ive Bond Cla ssification
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Fig. I- PDP-1U05 Minicomputer System
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