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PREFACE

The United States Air Force Summer Faculty Research Program (USAF-SFRP)
is a program designed to introduce university, college, and technical
institute faculty members to Air Force research. This is accomplished by
the faculty members being selected on a nationally advertised competitive
basis for a ten-week assignment during the summer intersession period to
perform research at Air Force laboratories/centers. Each assignment is in a
subject area and at an Air Force facility wmutually agreed upon by the
faculty members and the Air Force. In addition to compensation, travel and
cost of living allowances are also paid. The USAF-SFRP is sponsored by the
Air Force Office of Scientific Research, Air Force Systems Command, United

States Air Force, and is conducted by the Southeastern Center for Electricsl
Engineering.

The specific objectives of the 1983 USAF-SFRP are:

(1) To provide a productive means fo: Scientists and Engineers holding

Ph.D. degrees to participate in research at the Air Force Weapons
Laboratory.

(2) To stimulate continuing profesaional association smong the

Scholars and their protessionsl peers in the Air Porce.

{3) To further the ressarch objectives of the United States Air Force;
snd

(4) To enhancs the research productivity and capabilities of

Scientists and Engineers sapecially as these relate to Air Force
technical interests.
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buring the summer of 1983, 101 faculty meabers participated. These
researchers were assigned to 25 USAF laboratories/centers across the

country. This two volume document is & compilation of the final raports

5
" v
i

|

'”EEL
S, .
¢

'

L:% written by the assigned facuity members about their summer research
e effores.

~
P

7

» o
L aad

¥
*,
-

.0
O

- .:Eiy;rfz

!

o

K,
»

a fe e et
B P R .o
N £ y

AR

I

.
e e

v

L 4

.

Bl

Lo

JRe

‘. v .
.
<« 1

e, .
3
'J‘A' »

»

4
v

Ve

Y
»

.~
Vi

.

e

A r'



-
LIST OF PARTICIPANTS o
3
NAME/ADDRESS DEGREE, SPECIALTY, LABORATORY _‘
ASSIGNED =
SA
Dr. Richard Anderson Degree: Ph.D., Physics, 1959 il
Professor . Specialty: Atomic and Molecular ;ﬁ
University of Rolla Physics and OQptics s
Physics Department Assigned: RADC/Griffiss P
Rolla, MO 65401 -
(314) 341-4797 28
Dr. Richard Andrews Degree: Ph.D., Statistics, 1973 o
Associate Professor Specialty: Finite Population Fg
University of Michigan Sampling and Data -
Graduate School of Business Assigned: IMC Ju
Adainistration e
Ann Arbor, MI 48109 X
(313) 662-4106 . 5
Dr. Francesco Bacchialoni Degree: Doctor in Enginearing, 1946 e
Associate Professor Specialty: Control Systems, Digital ",
University of Lowell Signal Processing, Micro- e
Electrical Engineering Department processors :{:
Lovell, MA 01854 Assigned: GL S
(€17) 452-5000 ;g;
Dr. Pradip Bakshi Degree: Ph.D., Theoretical Physics, -
Research Professor 1962 '
Boston College Specialty: Theoretical Plassa Physics,
Physics Department Quantus Theory, Mathematical
Chestnut Hill, MA 02167 Physics
(617) 969-0100 Assigned: GL o
Dr. Daniel Barr Degree: Ph.D., Electrical Engineering, 0:’
Assistant Professor 1978 Aty
Virginia Military lnstitute Specialty: Fuzing, Milliseter Waves, T
Electrical Engineering Department Superconductivity, S
Lexington, VA 24450 Semiconductors A
(703) 463-6236 Assigned: AD Py
=
Mr Ernesto Barreto Degree: MS, Physics, 1960 ~§\f
Senior Resesrch Associate Specialty: Electrostatics, Electrical ;*:f
State University New York Discharges, Combustion o
Atomic Science Research Center Assigned: FDL :ﬂf;
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Alabams ASM University
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Degree: Ph.D., Physics, 1950

Specialty: Accelerator-based Atomic
Physics, Atomic Spectro-
scopy

Assigned: GL

Degree: Ph.D., Mechanical Engineering,

1958
Specialty: Vibrations, Machinery
Dynamics

Assigned: AEDC

Degree: Ph.D., Electrical Engineering,
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Interactions, Nonlinear
Optics ’
Assigned: WL

Degree: Ph.D., Electrophysics, 1967

Specialty: Ultrascnic and Electro-
magaetic Propagation and
Diffraction
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Degree: Ph.D., Special Education, 1979

Specialty: Mental Retardation, Early
Childhcod Education, Speech
and Hearing
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Degree: Ph.D., Mechanical Engineering,
1981
Specialty: Thersal Radiation in
Particulate Media

Assigned: RPL

Degree: MS, Psychology, 1969
Specialty: Drug Response Factors,
Humen Engineering, Alcohol
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List of Participants (continued:
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Utah State University
Physics Department
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Electrical Engineering Department
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University of Tennessee
Aerospace Engineering Departaent
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Assistant Professor

Manhattan College

Mechanical Engineering Department
Bronx, NY 10471

(212) 920-0148
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Assistant Professor

Sam Houston State University
Physics Department
Huntsville, TX 77340

(713) 294-1606

Dr. Peter Crane
Assistant Professor
University of Pittsburgh
Psychology Department
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(814) 266-9661
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Degree: Ph.D., Physics, 1968
Specialty: Materials Response to

Dynamic Loading
Assigned: ESC

Degree: Ph.D., Physics, 1957
Specialty: Theoretical Physics

Assigned: WL

Degree: MSEE, Electrical Engineering,

1978
Specialty: Microprocessor Hardvare
and Software Dusign.
Multiple Access Satellite
Network Protocols

Assigned: HRL/W
Degree: Ph.D., Mechanical Engineering

1968
Specialty: Physical Fluid Dynawmics
Assigned: AEDC

Degree: Ph.D., Mechanical Engineering,
Specialty: Heat Transfer, Numerical

Computer Analysis, Solar
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Degree: Ph.D., Physics, 1978

Specialty: Solid State Physics
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Degree: Ph.D., Experimental
Psychology, 1979

Specialty: Cognitive Psychology/

Human Factors
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Ph.D., Computer Science,
1971

Specialty: Information Storage and
Retrieval, Operating
Systeus and Systems
Programming

Assigned: AD

Degree:

Ph.D., Systems Engineering,
1972

Specialty: Design of Languages, DMMS,
Information Systems

Assigned: AD

Degree:

Ph.D., Theoretical Chemistry,
1976

Specialty: Applications of Molecular
Orbital Theory

Assigned: AD

Degree:

Degree: Ph.D., Psychology; 1968
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Assigned: HRL/3

Degree: Ph.D., Physics, 1979
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Degree: Ph.D., Physical Education,
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Specialty:
Assigned: SAM

Degree: Ph.D., Mechanical Engigeering,
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Specialty: Dynamics

Assigned: APL
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Degree: Ph.D., Mechanicel Engineering,
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Specialty: Fluid Mechanics

Assigned: APL

Degree: Ph.D., Astrophysics, 1976

Specialty: Radiaton Transport, Fluid
Dynamics, Nuclear Weapons
Effects

Assigned: WL

Degree: Ph.D., Mechanical Engineering,
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Specialty: Heat Transfer, Fluid
Mechanics, Engineering
Analysis

Assigned: APL

Degree: Ph.D., Physics, 1973
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Crystals, Phase Transitions
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Degree: Ph.D., Industrial and Operation
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Processes

Assigned: HRL/WP

Degree: Ph.D., Elsctrical Engineering,
1969
Specialty: Modeling and Simulation/
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Degree: Ph.D., Electrical Engineering,
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PERFORMANCE OF IMAGE RESTORATION FILTERS
IN MACHINE RECOGNITION
by E
>

David C. Lai
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ABSTRACT
Various image restoration filters are evaluated and compar:d based on their i
performances in machine classification under a variety of blur and noise ;
conditions. These filters are analyzed to provide in-sight that may lead to s
ideas for designing new filters and the development of guidelines for 1
applications of these filters in practice. Experimentation {s designed to E
evaluate and compare performance of selected filters under various conditions. §
Performance measures appropriate to our application are derived. Result; are ?
reported and suggestions for further research are offered. 2
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I. INTRODUCTION: X
The image restoration problem is mathematically i11 conditioned, hence there ZE:

is no unique solution. A variety of restoration filters have been proposed 's }
W

2,3,4,5 6,7, 8 notably the inverse, weiner, parametric wiener, geometrical v
mean, power spectrum equalization (PSE), pseudo-inverse, homomorphic, Kalman, .ff
MAP, ML, MEM, median etc filters. These filters were designed according to i:
RN

different sets of specific mathematical criteria based on various assumptions of F:
the image models. In practice filter performance varies with the type of image, ;
I'..-

the blur and the noise conditions. It is nacural to ask the following question: o
P

How well do the various filters enhance human interpretation of the image or

facilitate machine recognition? Or, which filter is better than the other and

., - .
P .
LUeYy .

under what conditions?  Systematic evalyation and assessment of relative "
performance between filters is badly needed, since it will facilitate judicious :
selection of filters for use in Air Force automatic target classification and .:
identification systems wusing high rasolution reconnaissance imagery. ‘_
Furthermore the resultant information will provide insight and a sound basis in ._,
designing new filters for similar Air Force image exploitation missions. :_f
o This project concentrates on the investigation and evaluation of performance T::
::_: of six image resotration filters; viz, inverse, wiener, parametric wiener (Ve), ’\‘
..23 geometrical mean (k= %, Y= %), PSE, and median filters. The basic model for 2 &

b A

permanently recorded or observed image g {x,y) is usually given as:

rP'“i
j('x,j) = S{H[f('x,g)]} + ov X Ntz Yy) (m I:‘_'.
where s is a function repcesenting the image sensor response; H, an operator ;Z_j
representing the image forasation process; f(x,y), the original undistorted image 3”_

:~l:: or original object {images; n(x,y), a random noise {(formulated as either an '
" additive or multiplicative) process due to the record medium and/or electronic :
“» "o
v o
-t circuit used in image recording. The goal of image restoration is to retrieve M
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f(x,y) from g(x,y). To be more precise, the restoration problem may be stated
as: given the recorded and distorted image 4!v,y), knowledge about the type of
the noise n(x,y), possibly some knowledge of the original image f(x,y), and some
knowledge about the image formation in terms of the point-spread-function (PSF),
estimate the original wundistorted image or original object intensity
distribution fi{x,y). The model given in Eq. (1) is too general to be useful in
designing restoration filters. In practice, assumptions and approximations are
made to render tha aesign and implementation of restoration filters to be
reasonably manageable. In many instances, the non-linear function or operator
is approximated by a 1linear one; the image formation is approximated by
convolution with a space-invariant point-spread function (SIPSF); and the noise
is assumed to be additive white Gaussian. It is apparent that the 111
conditioned nature of the restoration problem together with the variety of image
model, assumptions and approximations, and mathematical «criteria for
optimazation results in the many different restoration filters available.
Moraover, it would be impossible to test and evaluate all of the filters. With
the desire to encompass a2 wide range of restoration filters and to keep
computation within the support of “IRAMS* (Image Restoration and Manipulation
Software) implemented by PAR Corp for RADC, the above six filters were selected
for evaluation.

Since the Air Force is emphasizing machine classification and identification
and the restoration filters are intended to be used as preprocessor for a
pattern recognition system, it seemed more appropriate to evaiuvate the
restoration filters bhased on how well they perform for machine classifiers
rather than for photointerpreters. Most of image restoration work was aimed at
producing "nice looking® pictures to please human observers.9 However, lack of
knowledge about the psychophysical processes of human vision and a universal

criterion for “beauty" hindered efforts in a systematic evaluation and
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0.
comparison of restoration filters. Carnon, et al 1U did work on the evaluation ‘-_‘.:;1:..
and comparison of restoration filters based on a mathematical criterion and the i"“:
Judgment of a panel of photointerpreters. They compared thrce filters; via,
Wiener, PSE, and MAP. They concluded that based on the subjective quality of
photointerpreters, all filters perform equally well on Gaussian blurred images ‘__\_;
regardless of signal-to-noise ratio (SNR) level, blur severity, or image type; g:
however, MAP filter seems to work best on defocused image in high signal-to- s
noise environment. Based on the particular mathematical criterion (minimum mean “
square error), the Wiener filter, as expected performed best. Another closely F’S

related workll aimed at evaluating the effect of degradation of images on photo
interpretability and subjective quality without any restoration performed on the
images. The criteria which was used in measuring the degradation effect on
human observers are:

(1) Performance by trained photointerpretaters (PI's) in the extraction of a
set of essential elements of information from degraded photos, and

(2) Subjective quality as scored by the PI's based on the 10-point NATO

standardized scale.

Their conclusion was, indeed, that the interpretabiity has been reduced in
proportion to the degree of degradation by both blur and noise; however, the

noise had less effect in reducing interpretability. Somehow, the Pl's can see
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through noise but not blur. The subjective quality as measured by the NATO _,i;
Scale was worsened in either case when noise was increased but blur was .Y\i
decreased or when noise was decreased but blur was incresed. For individual i~
Pl's, the correlation between subjective quality and interpretability was low; ‘
however, for Pl's as a group, the mean correlation was high. To the best
knowledge of the author, there has been no work reported on for evaluating image L--v

restoration filters for machine recogrition. However, the effects of median

_.:: filtering on machine analysis of images, for edge detection , shape analysis, Soo
\A. . 4"?-'
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and texture analysis were reported.l2
IT. OBJECTIVES:

The main objective of this project is to systematically evaluate and compare
the performances of different image restoration filters 1in machine
classification so as to ascertain their usefulness in facilitating machine
recognition. More specifically, the following items were planned:

(1) To analyze image restoration fiiters to gain insights that may lead
to the development of guidelines for nractical applications and ideas for
designing new filters.

(2) To test and evaluate si~ restoration filters: inverse, Wiener,
parametric wiener, geometrical mean, PSE, and median filter on images of various
degrees of degradation based on their performances in machine classification of
the scene in the image.

(3) To derive an appropriate performance measure in order to quantify
performances of the filters.

(8) To compare these filters under different distortion conditions.
This project will not be concerned with the interrelationship between
restoration filtering, feature extracticn and classifying. [In other words, the
mutual effets between filters, feature extractors, and classifiers will not be
considered. Moreover, the many image enhancement techniques which
undoubted'y, facilitate machine recognition will also not be considered here.

IT1. ANALYSIS OF IMAGE RESTORATION FILTERS

The image model given in Eq. (1) provides an accurate characterization of
image formation but it is too general to be useful for filter design. For most
linear filters proposed, the sensor function s {s approximated by a linear
function; the image or blur operator H is assumed to be linear and represented

by spatial-invariant point-spread function; and the noise is assumed to be
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\j additive. Then the observed image becomes: _‘
-".'. 5(1(,9):/1’(1,3)@ fex,y) + n(zx,yq) (2)
*‘E where @signifies two-dimensional convolution and h(x,y), the PSF. Six filters
--i were chosen for testing and evaluatiorn as mentioned prevously. The first five;
‘ viz., fiiverse, Wiener, parametric Wiener, geometrical mean, and PSE filters, f
\' represent essentially the entire range of Tlinear filters. They were derived .»
j based on the linear model given in Eq. (2). Wiener filtering is perhaps the
:: most common restoration method used. Parametric Wiener filtering seems to give
:. visibly good results. 13 Geometrical mean filtering allows the inverse filter !.:_
;‘:‘i to boost the high-frequency components in a controlled fashion.l4 PSE filtering E
i‘: seems to give a pleasing clear picture.l5 The sixth, median filter, is a “
nonlinear filter which is useful for noise reduction and edge preservation.8 i
3'; Thus, the filters chosen for evaluation represent a wide range of available
:E filters. Derivation of these filters can he found in References (1) and (2) and
. ' will not be repeated here. A brief analysis of these filters are given below: E
__’ (1) Inverse filter - Based on the model given in Eq. (2) and the criterion :
of minimizing the norm (i.e., power) of the noise, the inverse filter expressed 5
:::: as transfer function is derived as: l‘!
% Hy (9., 3) = gy (3) :
:§ where H (‘)x,wy) is the optical transfer function (OTF); i.e. the 2-D Fourier 1:‘
E}’ transform of the PSF h(x,y) in Eq. (2). The restored image is then
A -1 -

& Fergr = F [Ty @ :
\ Using the operator matrix and vector notation, it is seen that ::j
o f=rHf+Hn =+ H" (5 :
which gives the original image f plus the transformed noise. In the absence of N
'\E::.; nofse and singularities of the filter, one cculd restore the distorted image to ’:
o K
:
" !
o 55-8
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the original form perfectly. It is se~. that the inverse filter concentrates on

regaining the original image but d ds (even amplifies) the noise. It is

reasonable to expect that the .inverse filter will perform well if the noise
level is low and there are no singular values of H (“’5(, Wy) for anywx and Wy,
In general, OTF's exhibit a low freguency "hump", and thus H-1 (‘Jx, ﬁ&) tends to
boost the high-frequency portion of an image.

(2) Wiener filter - Using the linear model in Eq. (2) and minimizing the

mean squared error between the original and the restored image one obtains the

Wiener filter.
H’(NYI &J.’ )

Wy, ) =
H, ( wx, %) TH(a, @) + [S.0¢w, )/$ ey, ,0] (6)
where H (&, Wy) is again the OTF; Sp (¥x,%y), the noise power spectrum density

(PSD); and S¢ (@Wx, Wy), the PSD of original (or desired) image. In practice,
d.c. components in S, and Sf¢ are subtracted, if there is any. It is obvious
that Wiener filtering reduces to inverse filtering in the absence of noise. For
this reason, the noise-to-signal ratio term [Sn/Sf] in the expression of
Wiener filter may be viewed as a modification function that smoothes the inverse
filter and even eases the problem created by the singularities of OTF to provide
optimum restoration in the presence of noise. The restored image in the
frequency domain is:
L 9 H’(:J.f,)F(«».U,) y o H) M)
W el + T84 /50901 IHGA Y [ssrpfgasp] (7)

where F (6%, &y) and N (¥x, Wy) are the Fourier transforms of sample functions

of the original image process and the noise process, respectively. This shows
that the restored image consists of somewhat distorted original and reduced
noise. In other words, Wiener filter does not concentrate all its effort in
regaining (deblurring) the original image but spares some ammunition for
combat’ g noise as represented by the [Sp/S¢) term in the denominator.  Since

| Hl‘a;.d [Sn/Sf] in the denominator are equa ly weighted, the effort of

Wiener filter in  deblurring the image and reducing the noise
55-9




is equally distributed. If it is desired that more emphasis should be put on '
deblurring and less emphasis on reducing noise, then the influence of the [Sn/Sf] .
term in Eq. (7) should be reduced so that the Wiener filter behaves more 1like :
inverse filter. This leads to the idea of adjusting the effect of [Sn/Sf] term
by multiplying it by a factor Y in Eq. (6) which gives rise to the so-called :{_—‘
parametric Wiener filter. \i:
The presence of H (S¢.¢)in the numerator of Wiener filter tends to make the
filtering biased towards the low frequency end. To combat this low-frequency "'-;:
bias the so called geometrical mean filter was developed and will be discussed -:'-
later. '.:
(3) Parametric Wiener Filters - Although parametric Wiener filter could be =0
derived via the heruistic approach discussed previously, it does not provide a \i‘;
sense of optimallity nor insight for obtaining the best Y value to multiply to ‘\
the [sn/sf]term. Mathematically, using the model in Eq. (2) and minimizing the \_:‘
effective noise-to-signal ratio of the restored image subject to the constraint itq
that the residual norm between the observed image and the reblurred restored
image equal to the norm of the noise results‘in -.
Hpw (©n5) = [HID.,H,)I‘,:: ;;g.:u;:t-?,)/s;(w,u,ﬂ L !“
where, in order to obtain optimum filtering in the constrained least-squares j-'.::-.
sense, the factor ¥ must be chosen such that the constraint is satisfied. An .\
algorithm for determining this ¥ value exists,13 "
It is seen from Eq. (8) that when Y = 1, parametric Wiener filter becomes ";\“’"‘
Wiener filter and when ¥=0, it becomes inverse filter. Choosing arbitrarily a
value ( ¥ 20 ) will cause the Wiener filter either to behave more like inverse
filter ( ¥<| ) or to combat noise more vigorously (¥ > ). The ¥ value cannot !‘__
be arbitrarily assigned to obtain optimum filtering. It must be chosen to ,.\
: satisfy the above mentioned constraint.
b S
g !v.:?.
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(4) Geometrical mean filters -~ From the previous discussion, it is \
understood that the inverse filtering regains the original image complietely in ;}_
the absence of noise provided the filter is non-singular. However, in the ‘,
presence of severe noise and/or filter singularities, the inverse filtering will
perform badly; it not only will amplify noise but also accentuate both noise and :_._
image signal at the singularities. Wiener filter, on the other hand, will
restore the image (not perfectly) as well as reduce noise and it can never be L
singular in the presence of noise; however, it does tend to favor the low __
frequency portions of the image and thus loses sharp edges. One thought is to gft
combine inverse filter and parametric Wiener filters in such a way as to S;
parameterize the ratio of their effects on restoration. By judicious choice of _,:
the parameters, it is hoped that the low frequency dominance of Wiener filter ﬂ
may be lessened while some singularities of the inverse filter may be avoided.
Therefore, geometrical mean filters are defined as:

d /-d d A -4 e

o oty = [Hteny)] [ty = [ 2] o] &

(9)
with0<o{ €| and 0€ ¥ < 00
For §=| , Hgp Changes from a complete Wiener filter to inverse filter when
d\ changes continuously from 0 to 1. At the geometric mean (o = J,;) with
Y=1 » and for symetrical PSF; i.e. H (u,,uj) is a real func*ion and H,,,(N..l's)in
Eq. (9) becomes

S (00, 0,) LT S (0g,0,) ] ‘

[Tmu.,w,u' S,lﬂ.,“,)ﬂ(“,.‘&)] T L0, (10) 5

which has the same form as the maanitude of PSE filter, ‘i.
For the range of ¥<| and any & or &d >% and any ¥ , the inverse filtering ;\
effect dominates. On the other hand, for ol<i and I'>| , the Wiener filtering '_'“
effect dominates the scene. Huntl4 showed that, for moderate blur and low SAR, ’(
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the geometrical mean filter with ok =% and ¥ = % produced good result. I
(5) PSE (Power Spectrum Equalization) filter - As stated earlier, the .
inverse filter restores perfectly in the absence of noise, provided there is no ;ﬁ
singularity in the blur function; however, in the presence of noise, it attempts ;f
-
also to regain the image information in the noise bands and thus accentuates the L8
noise. One way to remedy this is to limit the gain of the restoration filter ;ﬁ
for the low SNR bands of the image spectrum. Based on the image model in Eq. X
(2) and with the constraint that the PSD of the restored image is equal to that i?
of the original image, the PSE filter was derived as: ;l
_ SE(“*"".‘IZ 2 g
l HPsE (Nx/“,)l - [ S’ (ur’u,) ] (11) ;‘.‘:
and the phase is set equal to the negative of the phase of the blur spectrum.15 ;;
It is seen that the design of this filter does not require knowledge about the !g
noise (spectrum). o
The PSE filter can also be obtained by setting o = % and ¥=1 in the 33
-
design of geometrical mean filters. Thus PSE filtering has the combined effect !F
of inverse filtering and Wiener filtering in equal strength. :_
(6) Median filter - Median filters are non-linear filters. This family of is
filters is not derived on the basis of an image model and a set of mathematical £
criteria. Median filtering was first suggested by Tukeyl6 in 1971 for smoothing B
time series and noticed its property in prserving large sudden changes of level ii'
(edges) in time series. It has later been adapted for uce in image processing. i:
by
Median filtering is performed by moving a window over the pixels of an image and =
replacing the pixel at the center of the window by a pixel whose value is the ;j
.
median of the original pixel values within the window. It was shown that median N
filtering preserves sharp edges and is very efficient in smoothing “salt-and- !;
tﬂ: pepper* noise but not very effective in reducing Gaussian noise.8 %
E:S The mathematical definition of median filtering is given as follows: f:
x b
b 55-12 n
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v
wherewis the filter window; ( X, 3[) denotes a pixel of the image usually the \\
center pixel of the window and (y,' 3‘), a pixel inside the window. r and s are \:
varied to cover all the pixels in the window and varying i and j to move the :‘:
window to cover another portion of the image. The filter window may take many
forms such as line segments, rectangles, squares, circles, crosses, square
frames, etc. For border points, the median is usually computed on those points _:___
covered by the window (without padding zeros). In general, the number of pixels .—’
inside the window is odd; otherwise, the mean of two middle points is taken as \\
the median value. Because of the difficulty involved in the theoretical :C'\

<
le

analysis of median filters, there has been practically no published results.

|

¥

A
ﬁ-\‘l5 :‘ :l v

%1%

However, efficient median filter algorithms have been developed.17,18

Ly

Ay A Yy g

Furthermore many attempts were made to implement median filters in hardware
which will perform in real time.19, 20
A median filter was chosen for evaluation because of its simlicity in design

and potential for VLSI implementation. It should be noted that this family of

filters were designed mainly for suppresion of noise while preserving sharp .
edges with no attempt or regard to restore a blurred image to its original form. !--
It must be used with caution. ;-'
IV. EXPERIMENT FOR FILTER EVALUATION AND COMPARISN :

Because of time limitation for this project, only one picture was chosen for .l\r\

the image restoration filter evaluation experiment. It {is a section of an
aerial photo of a test site. The image selacted consists of a B-52 on a

pedestal, shadows, and soil. It was chosen mainly for the reason that the scene

can be easily classified by machine. This image is shown in its original o
undistorted form and blurred forms in Fig. 1. The image size is 256 x Z56 i_ill'-:°
.-
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pixels. In order to create a diverse group of distorted images to allow
different filters to work uncdcr various conditions, the image was subjected to
different degrees of degradation.

Due to, again limitations in time, only one kind of blur was chosen; viz;
the blur with a Gaussian PSF. Three levels of Gaussian blurs with standard
deviations CT; = 3.5, 4.5 and 6.5 were used. The original and the three
blurred images were then subjected to further degradation by additive zero-mean
white Gaussian noise. The original is not completely noise free. It has a
small amount of noise. Two levels of additive noise corresponding to SNR of
12dB and 5 dB were used. Thus, it produced 12 images as our data base for
testing., They include the original, three images degraded by blur only (shown
in Fig. 1) two images degraded by additional noise only, and the rest degraded
by both blur and noise in combinations of degrees of severity. The degraded
images were restored by six different filters which are described in the
previous section. Thus 66 restored images were produced along with the 11 test
images and the original. They were submitted for machine classification, The
scene of each of those images was classified into three categories; viz., metal
(airplane), shadow, and soil. The number of pixels classified into each class
was then counted. The result of classification performed on the original image
was taken as the reference (truth) based on the assumption that the machine can
do no better on the degraded images than on the original., It was observed that
noise alone had less effect on machine classification. For the ease to compare
the effect cue to blur, the 77 images (11 degraded but unrestored and 66
restored) were divided into three groups acco~ding to their noise levels. Each
group contains 28 images except the one with the original SNR which has only 21
images. They were then evaluated and compared numerically based on the

performance measures which will be described in next section.
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For the parametric Wiener filter used here, ¥ was arbitrarily set equal to

%. No attempt was made to determine the best ¥ value. Similarily, for the Ei;_
geometrical mean filter, d\ and 'Y value were arbitrarily chosen to be % and %,
respectively. Therefore, the results reported here for the parametric Wiener

and the geometrical mean filters are pertinent only to these special cases. For -.—\;3“

the median filter, a 3 x 3 filter window was used. No attempt was made to

select the hest window shape and size. ;-,1_

In the machine recognition scheme, two features (average intensity over a 3 _‘_:

x 3 window and minimum intensity over a 3 x 3 window) were measured and the ’g@"’

condensed nearest neighbor classifier?l was used. ‘he features and the :.}‘\\h‘
classifier were selected by cut-and-try method. No attempt was made to find the :_f.'\

best features and the best classifier for use on each of these images. E‘ﬂ
Similarly, a set of training regions was deterinined by cut-and-try on the

original images and this set was used throughout the experiment so as to '-'?-I::

minimize the effect of training regions used. Undoubtedly, one could better the o
classification performance on each image by choosing the best features, -,_*
classifier, and training regions for the particular image, however, that would \.

defeat our purpose of evaluating and comparing the filters for facilitating ':‘_

machine recognition. For our purpose, the effect on classification due to ,

factors such as training regions and features selected, classifier used, etc _.

must be minimized. Therefore, in the strictest sense, our results pertain only "

to the specific set of experimental circumstances. However, it is felt that the ;é_;:;

results obtained may be generalized to other types of images, classifiers, etc. ,_‘.‘

as far as that they are applicable. \S_

§ There was also no attempt to select features which were improved or enhanced i!\,.:
E by particular restoration filters. In other words, the problem of feature .:tf
';: selection in relation to the use of restoration filters as preprocessor to \x
E machine recognition was not addressed here. The understanding of the v
: interrelation between the preprocessor (filters and enhancements) and the .'&
E 55-15 ;::_...:_:.,.
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feature extractor is important for any practical application of machine
recognition,

Two software packages were employed to carry Jut the experiment. They are
"IRAMS" (Image Restoration And Manipulation Software) and “AFES" (Automatic
Feature Extraction System") on BEC 11/70 and 11/34; both were installed by PAR
Technology Corp for RADC.

V. PERFORMANCE MEASURE

In the experiment, after performing classification on the images, pixels
classified into each class were counted. Comparing directly these pixel counts
of images restored by various filters is not only cumbersome but also leads to
difficulty in ranking the filters. The conventional percentage of correct
classification or confusion matrix cannot be used here since it is not feasible
to identify each individual pixel as being wrongly or correctly clasified; only
the number of pixels classified into each class can be counted with little
difficulty.

The deviation of the pixel counts per class obtained on the restored images
from those counted on the original image gives a measure or the size of the area
being wrongly classified. It was thought that this deviation for the particular
class would serve as a figure of merit to measure the filter's capability in
facilitating the clasification of pixels. However, with a 1little more
reflection, the severity of each deviation should be considered since it is more
severe to w-ongly classify 2 pixels out of 10 pixels than to misclassify 2

pixels out of 100. Therefore, the misclassification index for the ith class

was formulated as:

e

No; = N,
Ne; (12)

where Ak; = no. of pixels truly belonging to the ith ciass.

&

Ny = no. of pixels actually classified inta the ith class by machine.
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In our case, N is determined by performing machine classification on the

original undegraded image as Aiscussed before. It is noted that £; has a range

Ny = N

of - 6. & LG

| < & < Ve

where Nge = total no. cf classified pixels in the image. The extreme points

in the range indicate that either no pixel is classified into the ith class or
all pixels are classified into it. It is seen then that a negative value for

¢c signifies that the ith class s underclassified and a posit: > value,
pverclassified. When ;= 0, it indicates the best performance for classitying
pixe's into the ith class. However, it does not provide a single-number as an
overall performance measure.

Often, it is desireable to have a singla-number index to gauge ihe overall
performance in classifying pixels into all classes under consideration. Summing
over iii would not do since that allows underclassification and
overclassification to cancel each other but both kinds of misclassification are

equally harmful. A meaningful overall performance measure is thus defined as
[

zig}m‘—@_—"“'—'—ﬂ‘_z:',_lal (13)

where n designates the number of clases.
This measyre has a theoretical range of
where'imax is derived under the worst sitiition when every pixel is classified

into the class of the smallest size. Let N., be the number of pixels in the

smallest class, then

- A,
A i T

However, in practice, it is more likely that every pixel is swamped into the
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class of the largest size. In that case, the largest value of £ that will ever
result will be less than the Emax in Eq. (14). A practical range of & values is

O < & .<_'(n-2,)+—;%—

where Ney is the number of pixels in the largest class. Therefore, in order to
apprehend the significance of the values for £, one should always aralyze the
range of & values that may arise in any particular application. This realistic
maximum value may be used to normalize £ so thzt the index varies between 0 and
1. The best performance occurs when £= 0. This misclassification index gives a
good indication of the performance of a filter pertinent to the machine
classification for all 2 classes under consideration.

Both types of the misclassification indices were used herein. The class-by-
class index was employed to evaluate and compare the image restoration filters
for their capability in aiding the classification of pixels into a particular
class; the overall measure was used to evaluate and compare the filters for
their overall performance in classification for al)l the classes under

consideration.

VI. RESULTS AND DISCUSSIONS - The numerical evaluation and comparison {s based

on the misclassification indices (classification errors) described in the
previous section. These results are presented in Tables I, II, il, and IV. The
values of Table I represent the classification errors for the metal (airplane);
those of Table I!, the errors for the soil; those of Table I!l, the errors for
the shadow; and the values of Table IV, the classification errors for all three
classes. The consistency and patterns exhibited by these values show the
utility of the performance measures derived. The range for the values of each

table is listed below:
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Table Range

I -1 ~ 6.0115
I -1.~ 0.3304
111 -1 ~ 8.4608
Iv 0 ~ 10.4608

The range for the overall misclassification index (Table IV) was computed based
on the assumption that every pixel would be classified as shadow when the image
is hopelessly degraded. In all cases, a zero value indicates the best
performance. Hence, the closer to zero *he index value, the better the
performance.

The metal is much brighter than soil or shadow. It is easier to classify.
However, shadow and soil are quite similar to begin with and become more alike
after degradation of the image. They are much harder to separate. It is seen
from Table I that practically all of the filters facilitated the classification
of pixels into metal under any distortion condition. From Tables Il and III, it
is seen that the performances of filters are not clear cut; some of them
facilitated the ci.assification for sofl at the expense of shadow and vice versa.
For example, Wiener filter improved the classification of pixels into soil and
shadow at all noise levels and blur severities of G, =» 4.5 and 6.5; however, at
SR = 12 db and Gi, » 6.5, it did not improve the soil classification but
helped greatly for the shadow classification; on the other hand, at SNR = 5 d8
and Gy, = 4.5 it performed well for the soil but badly for the shadow. For
the overall performance; i.e., facilitating the classification for ali three
classes, it ic seen from Table IV that at high noise level and severe blur, all
filters except the inverse and parametric Wiener fiiters improved overall
classification. The behavior of inverse filter at high noise level and severe

blur 1s expected. The erratic performances of parametric Wiener {PW) and
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geometrical mean (GM) filters proved aqain the importance of selecting the
value (for the PW filter) and the o\ and ¥ values (for the GM filter). The
value for ¥ wused for PW filter here does not seem to work well for high level
of noise and severe blur condition. The PSE filter has the worst record
(3.5845) among all the fiiters; this occurred at the original SNR and blur of
= 6.,5. It did improve metal classification but misclassified many soil pixels
into the shadow class. As mentioned earlier, the PSE filter limits the gain for
the low SNR bands of the image spectrum, After severe blur, at the original
SNR, the SNR of the soil band became relatively lower. Hence, many soil pixels
became darker and thus vere classified as shadow.

The median filter (3 x 3 window) improved the classification of metal for
images of high noise and severe blur; for classification of shadows and soil,
its performance was mixed. This is in line with its character in preserving
contrast while reducing noise. It also showed good overall performance in
facilitating classification of pixels into all three classes,

Examining Table IV, filters did not help under noise alone situation though
supposedly that filters had filtered out noise. This shows that noise alone has
little effect on classification. The filters improved classification in the
situations when high noise and severe blur were combined. These results agree
somewhat with the results reported in Ref. 11 for human observers as stated in
Sec. | of this report. Of course, the results obtained could dbe due to the
characteristics of our particular features (measurements) used in the pattern
recognition system. Any generalization of our resylts must be taken with
caution.

for ease of comparison, graphs may be constructed from the tables. A

typical graph is shown in Fig. 2. The graph represents the group of images at
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12 db SNR in Table IV which portrays the overall classification performance.
The abscissa of the graph shows the blur severity mesured in the standard
deviation of the Gaussian blur and the ordinate represents the relative overall
classification error within the group. The graph shows that the Wiener filter
performed well tor all blur severities at 12 dB SNR; the geometrical mean filter
(d =34, ¥=1X%) is best for the blur of G = 4.5 at 12 dB SNR; the PSE and
Wiener filters performed at about the same level under the most severe blur; the
inverse filter did not work well for the most severe blur at this noise level as
expected; the parametric Wiener filter did not perform well because the J value
used here is not suitable for this combination of blur and noise; the median
filter did not help at all since there were no sharp boundaries between shadows
and soil. [t also shows that even at this noise level filtering did not improve
classification for less severe blur. It seems that the line connecting all the
. UR (unrestored) points in the graph and the line through the middle of the
filters intersects at G: s 3.5, In other words, at this noise level for a
blur less severe than a Gaussian blur of G = 3.5, one should not use image
restoration filter to facilitate machine classification. Other graphs can be
constructed for groups of other noise levels. They show similar patterns of
behavior except that most of the filters improved classification for less severe
blur at high noise level. The Wiener filter had the most steady predictable
performances.

In susmary, the major objective of this project was to evaluate and compare
various image restoration filters in facilitating machine classification. The
experimental metnod used applied a variety of filters to images containing
various degrees of degradation with the aim to determine under what conditions a
given filter performed the best. The performance was determined by how well the

machine ciassified the filter restored image. Results were obtained for a very
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specific pattern recognition system, Hence, caution must be exercised in
generalizing our results. It may be categorically stated that the image
restoration filtering should be employed under a combination of high noise level
and moderate or severe blur, and the combination of low noise and severe blur,
furthermore care must be taken in selecting the filter for use.

VIT. RECOMMENDATIONS:

Since the image restoration filtering problem is mathematically i11-
conditioned, there is no unique solution. Traditionally, the selection of a
specific solution from the intfinite family of solutions was guided by some
mathematical or ad hoc criterion or criteria 22 such as minimum mean square
error, edge preservation, etc. The results of filtering were judged by human
observers based on subjective quality or interpretability of the filtered
images. However, in most machine pattern recognition problems, the features
(measurements) and classifiers were selected based on the criterion of minimizing
misclassification or maximizing correct recognition if feasible, compatibility
between classifier and features, or convenience. Therefore, in order to design
restoraticn filters to facilitate machine recognition, a recommendation for
future research is made as foilows:

(1) To solve the filtering problem based on a selected set of features
(measurements) to be used in the machine recognition system.

Since there exists a variety of image restoration filters as attested in
previous sections, it is natural to ask what features do these filters enhance
su that the appropriate features may be extracted for use in the machine
recognition system. The second recommendation is:

(2) To determine the set of features enhanced by a specific filter or a set
of filters.

As the cliche goes “The proof of the pudding is in the eating"; the performance
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of a machine recognition system should be examined in total. It is important to
understand the interrelation between filters (as preprocessors), feature
extractors, and classifiers in. order to improve upon the performance of the
system as a whole. A more fundamental problem for follow-on research is:

(3) To study how image restoration filters or enhancement techniques
interrelate with feature extractors and classifiers.

Recommendations for other follow-on research include:

(4) To evaluate and compare filters realized in different forms such as
various FIR and IIR implementations since in practice any image restoration
filters must be implemented in one form or another.

(5) To design adaptive filters to adapt to the changing conditions of the

feature extractor.

(6) To study the effect of median filter window shape and/or size on the

filter's performance in machine recognition.
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TABLE 1 - RELATIVE CLASSIFICATION ERORS FOR METAL (AIRPLANE) =
.
SNR o, UR I W PM oM PSE gy it
Original 2.5 -.0862  -.0414  -.0678  -.0724  -.0625  -.0371  -.0722 s
=

4.5 -. 1500 -.1373 -.0623 -.1349 -.N884 -.1399 -.1514 B
6.5 -.3528  -.1442  .0593  .1499  -.0645  -.0434  -.1544 e
Re
12dB 0 .0051 .0063 -.0024 -.0007 .0001 .0077 .0255 t
2.5 -.0536 -.0619 -.0422 -.0416 -.0383 -.0413 -.0287 i;i:
4.5 1470 -.0026  -.1148  -.1446  -.1299  -.1438  -.0750 N
6.5 -.2032 L0221 -.2209  -.2237  .0623 -.1970  .1560 :
Y
N
5 d8 0 .0136 .0077 0227 01 .0020 .0392 .0508 o
2.5 -.0298 -.00€5 -.0092 -.0169 -.0102 -.0021 .0225 .‘
4.5 -.1314  -.0635  -.0996 -.0758  -.1936  -.0810  -.0290 e
6.5 -.1920 -.2238 -. 1467 .0315 -.0980 -.2447 -.1256 hy
W
Range: -1.000 ~ 6.0115 o
T} : standard deviation of Gaussian blur \-f
UR: Unrestored e
I: Inverse filtering Xy
W: Wiener filtering !?
PW: Parametric Wiener filtering ( = %) e
GM: Geometrical Mean filtering ( =%, - %) hot
PSE: Power spectrum equalization filtering ;:':j::
M:  Median filtering o
Neg. No.: Underclassified RO
Pos. No.: Overclassified .:"'-i;:
.
@

r T
.




SHR

Original

12d8

5 dB

A

2.5
4.5
6.5

2.5
4.5
6.5

2.5
4.5
6.5

Range: -1.000 ~ 0.3304
Symbols explained in Table I.

TABLE II RELATIVE CLASSIFICATION ERRORS FOR SOIL

UR

.0125
.0348
-.0345

-.0020
.0141
.0497

-.0233

-.0047
.0185
.0300

-.0683

.0029
.0322
.0172

.0182
.0212
.0330
-.1106

-.0039
0114
.0216

-.0668

55~26

.0150
0162
.0026

.0036
L0175
.0367
.0642

.0157
-.0116
.0125
-.0207

PW

.0115
.0383
-.1601

.0053
.0207
.0389
-. 1082

.0095
-.0086
-.0093
-.1479

GM

.0168
-.0121
-.1312

.0105
.0209
.0245
-.0611

.0081
.0029
.0476
-.0262

PSE

0112
.0303
-.4293

.0025
.0250
.0382
.0064

-.0035
.0129
.0043

-.0475

0141
.0373
.0357

-.0089
0131
~.0380
-2215

-.0042
.0127
.0184

-.0106
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TABLE III RELATIVE CLASSIFICATION ERRORS FOR SHADOWS

SAR G,
Original 2.5
4.5
6.5

20dB 0
2.5
4.5
6.5

5 dB 0
2.5
4.5
6.5

Range:

UR

-.0263
-.0534
-. 1959

.0074
-.0283
-.1834

.4398

.0153
-.0910
.3925
.7447

-1.0000 ~ 8.4608
Symbols explained in Table

I
1.0355
-.0440

.0709

1390
-.0675
-.1098
1.4954

.0175
-.0724
-.0680

J772

55«27

-.0150
.0315
.0985

.0226
.0674
.1061
. 1583

-. 141
.0947
.2244
.3450

PW

.0157
.1009
.9365

.0367
.0915
.0817
1.0712

-.0825
.8239

. 1683
1.0091

GM

-.0350
.2055

1.0204

.0751
.0962
.0088
3507

.0606
.0066

0771
.3185

PSE

.0296
.0264
3.1118

.0285
.1218
-.0773
.2203

-.0281
-.0889

.0790
.6680

.0027
-.0608
.0456

.0291
.0541
3714
1,575

.0381
1206

.0915
2447
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SNR a;

Original 2.5
4.5
6.5

12 d8 0
2.5
4.5
6.5

5 d8 0
2.5
4.5
6.5

Range:

5
i
:

X - Ly

.y
[

UR

.0850
.2382
.5832

.0145
.0960
.3801
6663

.0337
1393
.5539
1.0049

0 ~ 10.4608

.0798
L2135
.2323

. 1641
.1507
.2355
.8891

.0292
.0903
. 1532
1.0678

Symbols explained in Table I.

55-28

.0977
.1100
. 1604

.0286
.1270
.2577
.4435

.1789
1155
.3366
.5123

PW

.0996
.2741
1.2466

.0427
.1538
.2652
1.4031

.1031
.1093
.2533
1.1885

GM

.1144
.3060
1.2162

.0857
. 1559
.1553
4741

.0706
.0197
.3183
.4427

TABLE IV RELATIVE CLASSIFICATION ERRORS for ALL THREE CLASSES

PSE

.0779
. 1966
3.5845

.0387
.1881
.2593
.4237

.0708
. 1040
.1643
9602

.0889
.2495
.2358

.0635
.0958
.4844
1.7420

.0929
.1558
.1388
.3809
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EVALUATION OF PROPOSED INTEGRATED COMMUNICATION NAVIGATION

IDENTIFICATION AVIONICS (JCNIA) ARCHITECTURES FOR

THEIR FAULT TOLERANCE CHARACTERISTICS

AND PGTENTIALS

By
Stella Lawrence
ABSTRACT
An assessment of the fault tolerant merits of the hardware and software

designs of two proposed Integrated Communication Navigation Identification

Avionics (ICNIA) terminals was made. The ITT candidate system {s a

"software radio" utilizing transversal filters to convert froa carrier
to baseband frequencies. The TRW candidate system design is a corventional

superhetrodyne radio system utilizing mixing and downcorversion, Clasaical

fault tolerance implies component redundancy for the entire system; however
in ICNIA-fault-tolerance the communication navigation identification (CNI)

system functions are prioritized and the most critical functions are preserved

at the expense of less critical ones. The ITT and TRW architectur:a represent

a first step in the application of the prianciples of fault tolerance to

avionics CNI system design, Suggestions are offered for further research in

this area.
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I. INTRODUCTION

The Integrated Communicationm, Na;igation. Identification Avionics (ICNIA)
program is an Avionics Laboratory effort aimed at reducing total size, weight,
and cost of CNI radio equipment. Although space limitations of tactical
aircraft provide the driving ICNIA design requirements, the resultant ICNIA
size, veight, and cost savings also are applicable to larger aircraft.

ICNIA now offers a single integrated CNI system, compatible with the
multiplexed interface of today's military avionics while retaining the present
standard CNI waveforms. ICNIA will contain many "building block stages,”
vhich by means of processor controlled matrix switches can be configured to
receive or transmit standard CNI signals in the 2-MHz to 2-GHz portion of the
radio spectrum,

The control processor accomplishes I/0 with the remainder of the avionics
system vis a multiplex bus. It selects the configuration of the building
blocks thereby controlling which CNI functions are active. In the event of a
function failure the control processor has the capability of substituting
redundant equipment or, if necessary, of reconfiguring the building blocks to
regain the use of a function at the expense of a lower priority function. The
reliability of each CNI function is thus increased by reconfiguration so that
essential functions are maintained.

ICNIA possesses the following advzntages over discrete function ONI
subsystems:

&, A single system that elinins’es the requirement for many
dedicated CNI functions with duplicative hardware,

b. Increased CN1 functional relfiability due to reconfigurability,

c. Space, wely.-t, power, and cooling savings brought about by »

reduction of hardvare,
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Fault tolerance is the unique attribute of a system which uwulas it
possible for the system to continue with its program-specified behavior after
the occurrence =f faults (malfunctions or failures of physical parameters)l.
Fault tolerance is a vitally important and desirable property that ICNIA
should possess, since it is the survival attribute that will enable the ICNIA
system to maintain its specified behavior despite hardware or software
fajlures.

Two conceptual design architectures for an integrated communication,
navigation, identification radio system have been developed; one by ITT
Avionics, Inc., and the other by TRW, Inc. Both include some degree of fault
tolerance in their hardware and software designs; but prior to this
paper no comparative analysis of each had been performed to determine their
relative fault tolerant merits,

An assessment of the fault tolerant merits of the hardware and software

design in each proposed ICNIA was the goal of this work.

II, OBJECTIVES
The project had three objectives:

A. To determine general desirable standards for fault tolerant
hardware and software designs,

B. To assess the planned fault tolerant features of the current
system definition phase for the ITT and TRW designs,

C. To make recommendations regarding the fault tolerant features to

be implemented in the hardware and software of the Advanced

Development Models.
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III. GENERAL FAULT TOLERANT SYSTEMS AND STANDARDS

The criteria for avionics fault tolerance are that it be cost effective,
not add to size or weight, be as simple as possible consistent with ﬁeeting
desired reliability goals, and not introduce additional faults and errors.

Reliability should first be attained by prior elimination of all possible
causes of failure. The first step consists of fault intolerance. Fault
intolerance mandates the use of high reliability components and extensive
testing. The second step is to provide redundancy to raise system reliability.

Effective fault-tolerant systems may be designed following a systematic
design methodology that can be summarized in five steps: 1) specify system
architecture without fault tolerance; 2) identify classes of faults that are
to be tolerated; 3) select cost-effective forms of protective redundancy to
cover the identified faults; 4) estimate the effectiveness of the redundancy
by analytic, simulation, or experimental techniques; 5) devise checkout
methods to test the redundant features of the system. In practice, several
iterations of steps (3) and (4) are usually needed to arrive at a satisfactory
design.

Reliability, maintainability, and fault tolerance must be designed into
the basic system. After the fact, "add-on" concepts rarely accomplish the
desired goals.

Two basic methods of recovery are utilized. Hardware-controlled recovery
is implemented by means of modular replacements or reconfiguration.
Software-controlled recovery depends on special programs to carry out recovery
after faults are detected.

Faults should be detected, isolated, and eliminated. The system must
then be rechecked to confirm that the fault is no longer present.

Critical points and critical equipment must be identified and duplicated.
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The choice of failure unit is crucialz. Its size and complexity must be

neither too large nor too small., The replaceable units or modules should be

self-testing, if possible. The levels of redundancy of the various elements :";ﬂ:j
must be chosen to be consistent with re~uired levels of reliability,
maintainability, and performance.

The data-processing, control, and internal communications configuration

should be extremely reliable, maintainable, and vlzxible, The system must

-
e
.
.

establish a hierarchial organization, The levels of redundancy of the various
elements must be cncsen consistent with required levels of reliabil{ity and
maintainability. The data processing system control language used, and the

software employed should be fault tolerant3.

IV. FAULT TOLERANT FEATURES OF THE ITT ARCHITECTURE

The ITT architecturea consists of six LRU's (Line Replaceable Units).
There are four categories of LRUs:. the RF (radio frequency) LRU, the digital
LRU, the HF transmitter, and the HF antenna coupler.

The RF LRU i8 not entirely duplicated. Its two receiver-transmitter
units are similar but not identical. Two-thirds of the RF modules in each RF
LRU are duplicated to provide redundancy for the highest priority functicns.
The L-Band transmitter and front ende are duplicated for IFF and TACAN only,
however VHF/UHF reception and transmission are duplicated.

The digital LRU is duplicated. Within the digital LRU's the data

processor, vector processor, programmable controller, and programmable digital
matched filter modules are duplicated.

The system is a "software radio" and its design proposes initially the
use of the J73 language and later Ada. It uses the MIL-STD-1750 instruction

set, and the MIL-STD-1553 digital data bus interface. It provides immediate
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A/D conversion from baseband and is based upon all digital signal processing.
It utilizes a digitally controlled transversal filter for direct tuning.

The fault detection and reconfiguration (FDR) software design is similar
to TIES7 (Navy Tactical System Information Exchange). The allocation of
hardware system resources will use a pre-stored linkage table or set of chain
rules which specify the various resources necessary to provide a CNI function.
The FDR software 1s to be stored in each data processor unit. When an error
condition is detected control will be transferred to unaffected FDR programs.

The FDR software should be designed to isolate the protlem and select the
optimum configuration for the remaining resources based on mission priorities.

Fault tolerance and fail-soft capability are very important aspects of
data processor design. Each DPU (data processing unit) is independent. When
faults occur the DPUs should be capable of supporting the top priority
functions of the system (possibly with a reduction in throughput below normal
maximum load). Within each DPU, duplicate devices and alternate bus paths
should provide fail-soft capability. If any device shuts down, part of its
work load should he absorbed by the spare capacity of a matching counterpart.
After a hard failure, system capacity will have to be evaluated. The syatem
should then be reconfigured by reassigning tasks to the DPUs.

The design includes vector processed, higi speed computations on
structured data streams. An example of this is, digital-filtered functions.

The ITT system plans extensive implementation of VLSI/VHSIC (Very High
Speed Integrated Circuit) technology. The vector and data processors will

utilize VHSIC modules.




:
i

V. FAULT TOLERANT FEATURES OF THE TRW ARCHITECTURE

The TRW design is a conventional superhetrevodyne radio. Its
architecture5 is organized as a collect? .. of resource pools, which are
dynamically allocated resources., It consists of 7 LRUs,

Each resource pool contains a number of identical elements that are
available on a highly flexible basis. The pooled elements are line replaceable
units or modules, within the avionics system. All internal fault isolation is
carried to the level of these units. Maintenance and leogistics procedures are
designed around them as basic system elements., In addition, the pooled umits
or basic building blocks are hierarchically interconnected to perform the
necessary avionics system functioms.

Three types of maintenance mwodes are envisionedﬁ. Non~-disruptive
self~-testing involves the real-time monitoring of appropriate test points
to determine subsystem health dynamically, This represents the tuilt-in-test
(BIT). These tests are non-disruptive in that they involve no changes in
configuration and will not {nterfere with ongoing ICNIA signal and data
processing. A second test is disruptive self-testing. It provides more
detailed and diagnostic information. It is a closed-lcop test and can require
some ICNIA reconfiguration and the preemption of other processing tasks., A
third supplementary test mode consists of a final inventory of system health
information, This is part of the data processing tasks for each relevent
ICNIA systee.

Non-disruptive and disruptive self-testing are conducted by maintenance
control algorithul7. This information must include mode select commands to
enable reconfiguration. Failures are to be detected and isolated by extensive
built-in computer-controlled performan-~+ monitoring, designed for real time

fault detection, isolation, and system reconfiguration. The data processing

56-9

S OO D O . D0 O O f 0.0 D .0 .0 0 .5 ¢ a o 0o . 5g s & O 0 0Oo
PO I R L S R BT 6n0 .0 o PR G
T e T T e e S e R e L R
W, N T e, DR A S R S . ER catet <~
et - o - ‘e a4 . DRIRS LI ‘.'-“~ -'.'-',‘.". .
NS NN . g P2 o5 P
R ST SR O R S S A TR SR A S LA G
falaelata a3 2 f—‘

LIRS

|

»
b

"- .'f.’r"
Te fe te e )le

S iy
vy

Ky

i g g

-
W

PR VR N I VA W T VR P U SRR X PO



tasks are to be partitioned between the ICNIA subsystem and the core

avionics®. Of the various options, desirable partitionings will be determined e

in the course of the ADM design. The terminal will be designed to interface
with a MIL~STD-1553B multiplex bus, and to be compatible with future high e
speed digital or analog buses.
It 18 desirable for some degree of system autonomy to support stand-alone f}
operation and test. The physical location of the redundant backup data
processor shold be considered.
The TRW system proposes extensive use of VLSI/VHSIC. In particular, the

design incorporates the use of VHSIC technology in the matrix switch signai

10
processors .

VI. RECOMMENDATIONS REGARDING FAULT TOLERANT FEATURES TO BE IMPLEMENTED IN

THE ITT AND TRW ARCHITECTURES

The terminals cutlined in Sections IV and V represent interim designs.

Careful consideration should be given to desirable fault tolerant critevia and

practices for the next design stage. In the present designs these are :}"i
outlined but should be further developed. Fault tolerance should be an i:};
integral part of the designa. Despite size, weight, and cost constraints, ;i;%
basic fault tolerant criteria can be applied in the following sense. ICNIA is ;?is
a complex, time varying, integrated, reconfigurable system. It involves g&?
several types of aircraft, different missi{ons, aad different functinns, ;;ai
During the various mission segments, the equipment for noncritical functions :?i
can be considered redundant backup for the critical functions. With this ;&E
viewpoint in mind, standard fault tolerant practices can be applied. A i;’
X careful analysis should be made via probability models to insure that !?%
:E sufficient equipment redundancy is provided for the critical functions in each :?f
> i
A !:;
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mission segment, Levels of redundancy for the various elements must be chosen
consistent with required levels of reliability, maintainability, and
performance.

The first step in fault tolerance design consists of fault intolerance.
There should be prior elimination of the causes of fallure by selection of
reliable components and appropriate testing.

Sinca fault tolerance is an integral part of the ICNIA system design, the
entire system including the fault tolerant implementation, should be subjected
to hardware, computer, software, and human factor fault tolerance tests. The
tests should consist orf reliability and performance tests using mathematical
models, simulation models, and actual hardware.

When it is certain that the system is one hundred percent healthy, it
should be subjected to representative scenario testing, as determined by
operational doctrine, to develop confidence that the ICNIA terminal will
satisfy the criterion of 10,000 hours mean time between critical failure
(MTBCF). A critical failure is the inability to perform a CNI function during
any part of a mission that is necessary for mission success.

A careful study should be made of critical points in the ICNIA terminal,
These include the transversal filters for ITT, the matrix switches for TRW,
the control computer, the control executive, control algorithms, and software
for both designs. Crivical parts should be duplicated, or at the very least,

dual contacts should be provided for the interconnecticns. Probability

anslysis is essential to prevent switch overloading. Control algorithm(s)

must be carefully analyzed, designed, and tested. Artificial intelligence

(adaptive learning networks) migzht be incorporated inro the control algorithm. :' ."
Fault detection and reconfiguration (FDR) software shculd be fail-safe, ~,\,?}3

incorporating error coding, and perhaps interleaving. The control computer
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should be fault tolerant, or at least duplicated. Provisions should also be

made for memory storage in case of intermittent or longer time power failures,
Fault isolation should be at the LRM (Line Replacement Module) rather

than the LRU level., Several LRMs could reside in an LRU. The LRMs should be

gself-testing. Careful thought should be given to the choice of complexity and

LRM size in terms of functions. Failure of one module should not cause any

impediment to reconfiguration. Failure of a module during self-test should

set a flag. The module should then be retried. This will help locate
intermittent faults.
As a result of VHSIC technology which makes possible the use of

self-testing, fault tolerant modules, and embedded processors, pooled

architecture systems can be used to obtain economical dependabilityl2
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Tasks should be properly apportioned in a hierarchial fashion to match

l-\ -

o

\.“_\:_'

control and data processor capability. In addition, redundant units should t}:,
. _'\':'

not be "cold speres". Equipment should be rotated periodically and all sy
equipment should be subject to periodic test. ﬁ;zﬁ
It is highly recommended that a further, careful study be made of the kﬁﬁt

S%

fault tolerant features of the next design iteration of ICNIA. :}::
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DECISION AIDS FOR SELECTING AIR FORCE MANUFACTURING ).:]:}
.j::'::
TECHNOLOGY PROJECTS D
Ty
By fi
DAVID R. LEE S
ron
ABSTRACT ‘.
The availability and level of development of specific manufacturing tech- \»:
nologies directly impact the U.S. Government's ability to achieve certain j::-:::-
national defense objectives. The Air Force Manufacturing Technology f:.'
(MANTECH) Program, begun some 35 years ago, supports the development of O
advanced manufacturing technologies for application at contractor and Air M
Force facilities. "
In a resource constrained environment, the situation involves deciding }P
which MANTECH projects to select and how to allocate resources. Both of i-
these decisions are complex, partially defined processes involving many o
variables., This research, however, only focuses on the project selection ,Zf-:'.j
process, with specific attention on evaluation of the decision variables. e
v
With a semi-structured problem, intuitive judgement by the decisfon maker -
fs an essential part of the decision process. Thus, the objective of this ;:jfj
research was to develop decision atds, or management tools, to assist the '_:_,‘.
decision maker in selecting projects to receive MANTECH support. This '-_;::.
report describes the methodology employed, describes the major factor | S
A cateqories, and presents a method for summarizing these decision
e varisbles.
:
o
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I. INTRODUCTION:

The term manufacturing technology, in the more broadly used sense,
pertains to technologies employed in the production, inspection and
repair of an item. The availability and level of develepment of manu-
facturing technoloaies affect the cost, quality, quantity, physical
characteristics, and/or useability of an item,

Because of its specific needs and resource limitations, the
Department of Defense (DOD) is very concerned about the development of
certain manufacturing technologies which impact its ability to obtain,
maintain, and effectively utilize military-related items. World War Il
highlighted the close relationship that must exist between the national
industrial base and the DGD. Since 1947, the US Air Force has been
involved in fostering the development and growth of specific manufac-
turing technologies which, without its participation, would not be
advanced or perhaps not advanced in a timely fashion.

The USAF currently conducts their activities in this area undzr AF
Requlation £00-23, 25 April 1982, entitled Manufacturing Technology
Program. This progam is therein identified as MANTECH and described as:

“A program which consists of all actions taken by the Air Force

to develop and carry out new or significantly improved production
systems, procasses, techniques, or ecuipment for use [near or long
range) in contractor facilities or ALCs in support of Air Force
systems, subsystems, or equipment.,”
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As noted, MANTECH interests are centered not only on Air Force
contractor activities but also on those at the Air Logistics Centers
(ALCs). This expansion, from looking at just contractor activities to
now considering both interral and external activities, necessitates eva-
Tuating additional candidate technologies for possible MANTECH support.

The Manufacturing Technology Division (MLT) located in the Air Force
Systems Command Materials Laboratory at Wright-Patterson AFB is respon-
sible for planning, implementing, managing and controlling the Air Force
MANTECH program. An important element in the MANTECH program is that
the payback and i1mprovements in military capability generated as a
result of ‘he proper MANTECH support can be awesome. For instance, a
MANTECH investment of $267,550 on just one aircraft engine project is

estimated to produce a savings of $195.8 million over an eleven-year
period.

In essence, there is a sizeable MANTECH budget (approximately $60
million for FY 1983), a large number of candidate projects, and oppor-
tunities for significant payback. Proper project evaluation, as well as
the accompanying selection and resource allocation decisions involve
many factors and are not well defined processes.

Topic N82-01, "Assessment of Productivity Potential of Manufacturing
Technologies," contained in the Air Force Business Research Management
Center's publication, Business Research Topics for FY-83, addressed the
reed for developing a methodology or planning model in the MANTECH
area. This topic was the generating source for this research effort.
The objective of N82-01, as submitted by AFSC/PMDP, was to:

"Develop a methodology or planning model for identifying manu-
facturing technologies which generate the highest marginal
increases in productivity growth, potential areas of appli-
cation, and the availability of such technologies."
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Early investigation of that topic showed that productivity alone, :}:{
is just one of the many factors entering into the selection and resource }ﬁ:}
allocation decision processes. Since there are so many factors to con- E‘:ﬁ
sider, preliminary attention needed to be directed toward identifying g!?j
the influencing factors, assessing their relevancy, and then bringing s
these factors together in a comprehensible way to aid the decision ;ifﬁ
makers. This study focuses on these ~lements. {Vjﬁ
i
IT. OBJECTIVE OF THE RESEARCH EFFORT: i}!}:
el
The main objective of this research effort was to develop decision $:}§
aids, or management tools, to be used in evaluating and selecting which ?{{3{
manufacturing technology projects should be supported under the USAF :}2}2
MANTECH Program. The major supporting goals were: (1) determine what ;;ﬁ%
factors influence MANTECH selection decisions, (2) categorize these fac- N
tors into major groups, (3) develop ways to assess the strength of the fig&ﬂ
factors, their interrelationships, and/or ensure that they were not X
overlooked, and (4) to summarize the relevancy of these factors in a {?{y
comprehensible format for use by the key decision-makers. Sy
R
111, RESEARCH APPROACH: j;{if
e
The first step in this research effort centered on collecting iiﬁj
background information. This was accomplished by performing literature E!EE
searches, reviewing several reports written on MANTECH activities, and ;ai\j
conducting initial interviews. These interview results suggested that {Zf:-
before the topic of productivity itself should be addressed, we needed A
to look deeper into the current decision process. j§i§j
»
From the onset, it is helpful to realize that the selection and E“i:
funding of MANTECH projects is a comprehensive and complex decison pro- ?i}ij
cess involving a variety of factors and is compounded by many future e
uncertainties. Pressures are on MANTECH projects that they produce use- .;Zﬁ:
ful results in a timely manner. el
LAY
The qeneration of MANTECH ideas come from numerous sources. Many ii"i{
jdeas originate from discussions with contractors regarding prohlems, f :
potential solutions, and promising opportunities. Projects are also .jj_;
genersted by Systems Program Offices (SPOs), higher Headquarters, other ﬁ;j;:
Air Force Major Air Commands, other DOD and Government agencies, pro- §_L
fessional and academic associations, and from the basic research labora- D
tories. Obviously, there are other input sources, but the point of this “Iji;

fs to demonstrate that there are numerous activities attempting to
impose their thoughts and proiects into the MANTECH caloction nencece,




In an effort to manage and evaluate this multiplicity of inputs,
the Materials Laboratory has developed a Focal Point System. There are
currently ten Focal Points such as thermal protection materials, metalic
structural materials, non-metalic structural evaluation, CAM/manufacturing
R&D, systems support, etc. These Focal Point managers employ a matrix
structured organizational approach in prioritizing MANTECH candidate
projects within their specific area. That is, representatives from other
interested Air Force offices are charged with providing information to
and confering with the Focal Point manager. At the appropriate time,
these managers present their projects to a Materials Laboratory Executive
Group which determines what projects will be selected for MANTECH funding,
and at what level of funding. Not all annual project funds are for new
project starts: a portion of the MANTECH fiscal year monies are directed
toward projects that began in previous years but which are not yet com-
pleted. The annual MANTECH program is then approved at the appropriate
Air Force level as outlined in AFR 800-33. While <the MANTECH Divison
manages and controls the program, this occurs primarily after the projects
are selected and funding is determined.

Following collection of initjal background information, we could
see that while the basic flow of the selection decision process seemed
reasonable, perhaps a meaningful contribution could be made by adding
more structure to assessment of the evaluation factors. Our research
objective was re-formulated to that which appeared earlier in Section
II. Since an expanded data base was required to achieve the objective,
further interviews were then conducted with people inside and outside
the Materials Laboratory. This included interviewing people in the AFSC
Aerospace Industrial Modernization office, ASD Plans and Programs
office, former MANTECH personnel, several Focal Effort managers, project
engineers, the current MANTECH Branch Chiefs , the Materiais Laboratory
Director, and other personnel within the Materials Laboratory. From
these discussions, numerous considerations were collected and then cate-
sarized into appropriate evaluvation groups.
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IV. RESEARCH RESULTS:

A. Evaluation Scheme:

The proposed project evalu.tion scheme involves 16 factor

categories as listed below:

I,
O
III,
IV,
v.
VI.
VII.
VIII.

XVI.

.....
CIRICIRRY
FLet

Title
Objective
Description
Nature of Need
Support

Funding for Development

Non-Direct Financial Requirements

System Integration

Interlock with Other Thrust Areas

Technical Success

Future Investment Requirements for Impiementation

Federal Agency Implementation
Industrial Implementation
Benefits

Global Relationships

Return on Investment
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Except for the first three factors (Title, Objective and
Description), the remaining 13 factors are to be scored on a Project
Evaluation Summary Sheet, which follows later in this report.
variety of elements in each of these major factor categories.

There are a
In reaching a T
rating in each category, a systemized thought process is necessary to ensure e

that the essential elements are not inadvertently excluded. The categories - A,

are not totally independent or mutually exclusive of one another. The pro- gpfﬁi
posed method does attempt to minimize duplication and places most elements tj:ﬂ:
(or evaluation considerations) in only one factor group. ;f?i?
o
Mathematically directed formats and straight checklists were con- iﬁ;?f
sidered for arranging the elements, but were dismissed in favor of a deci- ::{:f
sion stimulation format involving questions, fill in the blanks, and E:;:é
comparisons. The elements are included in a 38-page document entitled f{?;j
"MANTECH Project Evaluation Back-Up Sheets." Space limitations, however s
prevent their being published as an attachment to this report. Copies of g?g?%
the cvaluation Back-Up Sheets have been provided to the AFBRMC and to :;ﬁi:
various offices in the Materials Laboratory. Attachment 1 is a portion of ‘E:%ﬁ
the Back~Up Sheets which support a rating for the Need factor, Category IV. fi?j:
Categories are arranged so as to start with a general view of the pro- ;;Z;;
Ject and then become more specific as one progresses through the evalu- ﬁ??2§
ation. The Back-Ub Sheets are not designed to automatically generate a ,:;;
final conclusion on the rating of a particular facter. Their purpose is to :;;:
function 2s an assessment guide and assist individuals in reaching their ﬁif;
conclusions. Effective use of the Back-Up Sheets rely heavily upon :::ﬁi
experienced intuitive judgement. As with the final Project Evaluatior :tift
Summary Sheet, both tools can be “fudged” to meet 2 particular person's o
individual needs and objectives. Project selection in MANTECH or in any koo
other institutions is an unstructured, or at best a semi-structured, problem.
The key is to reduce the subjectivity by discretely applying models or
methodologies and wisely using available information to its full potential.
v
b
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B. Factor Categories:

This section provides the philosophy and rationale for the various
categories.

1. Title: Self Explanatory.

2., Objective: The objective of the project sets the benchmark for
the rest of the evaluation. It should be concise, quantifiable, and
measureable,

3. Description: In this section, the project is classified as

generic, repair and manufacture, integrating, or quality technology. More
so, it stresses the element of time by highlighting the reaguired comple-
tion date, time for development, time for integration or time For implemen-
tation into a manufacturing line, and the recommended project start time.
Worth noting is that once a MANTECH project is completed, there is still
some implementation time until an industrial output or impact is actually
realized. It is not uncommon to be talking of several years for implemen-
tation, following completion of the project development phase.
tion also summarizes the relative funding requirement.

This sec-

4. Nature of Need: Who is the principal sponsor of the project?

it a project directed by higher Headquarters? Where did the need
originate? Who will the project serve and is the need a current one or a
projected future need? These elements begin to put the project into
perspective. Applicability and project timing are critical issues.
key questions have to be whether or not this project will be directly

applicabie to a weapon system or some support system and will it be done
in time to have an impact.

Is

Thus,

The dates in this section can be compared to
the project dates in the Description category. The last part of this
category centers on what is the real driving factor for the project. A
project will generally serve multiple purposes, which are addressed later
under Benefits. The question here is to select the single most important
issue. This section also brings out the idea of technology push/pull.
Projects which are need driven and pulling technology for the development

often have a higher probability for implementation success than technologv
push-type projects.

TEr—
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5. Support: Whether or not the project is need-driven is important,
but who supports the project is critical. This section provides a matrix
where organizations can be listed vertically with their interest level
indicated on the horizontal axis, on a scale from -3 to +3. It is impor-
tant to record the priority which the organizations place on the project
within their programs, if applicable. Comparisons of their priority
ratings against the interest ratings help validate their support ratings.
A potentially good project without the proper interest may have a tough
time "weathering the storm." Similarily there have to be a sufficient
number of engineers in MANTECH interested in the project. Also an assess-
ment of foreign interest in the project can frequently change opinions
and thinking about the project.

6. Funding For Development: In an earlier section, under Descrip-
tion, the funding picture was summarized. Here, the funding requirement
is detailed in a matrix arrangement where it shows who is expected to
pay for the development. 1Is another Federal agency going to help back
the project? Are we expecting too much investment from industry? Are
the projected funds really adequate for completing the project? What sort
of potential cost overrun is possible? Answering these questions and dis-

playing the data in a useful manner is & definite aid to reaching an overall
category rating.

7. Non-Direct Financial Requirements: Government and private contrac-
tors may have to provide other support or aid to the project which is some-
times not “"costed-out." For instance, there may be 3 need for government
equipment and facilities, an interruption of production, and nther time
demands which could dwarf the direct funding reouirement. Evern if it is
not that significant, decision makers should know what the total reguire-
ments are before supporting the project.

8. Systems Integration: Essentially there are two types of projects,
new requirements and those previousiy identified. Questions in this area
seek to determine how the particular project fits into the larger system
or major thrust area's plans, The elements of substitution, completeness
of other supporting projects and timing are emphasized.
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9. Interlock with Other Thrust Areas. Although a project may be
managed by one Focal Point manager, it may support other major thrust
areas. Identification of those other areas is exhibited in this area via
n interlock table which shows the criticality of the project to those
other areas. A comparison of information in this section to that earlier
displayed under the Support category provides a means for validating the
interest-level rating.

10. Technical Success: Before an output or impact can be realized,
regardless of the need, the project must be technically feasible. MANTECH
projects are not basic research projects, rather they are developmental
projects which carry technically feasible projects up to the point of
showing that they can be implemented on a production basis. This section
ensures that the evaluators consider such items as: the rationale for
success; technical assumptions; views of proponents, moderates, and
skeptics; past successes in this area; potential contractors; boundary
conditions; need for more basic research; and the ability to overcome
technical problems. In all, there are 20 elements in this category, some
of which require establishing probability estimates.

11. Future Investment Requirements For Implementation: If project
results are favorable, there may be costs on the part of the government,
private activities, or perhaps both in order to achieve actual implemen-
tation. In some instances costs could be stagered over several years if
results are implemented piecemeal or at multiple locations. Return On
Investment is considered separately in a later section. The emphasis here
is on defining the facility, equipment, material, personnel and overhead
reguirements for implementatior, plus any other ownership considerations.

12. Federal Agency Implementation: There can be immediate potential
users and future possible users of the project's results. This cection
discusses various aspects concerning the immediate potential users., 1In
those instances where a Federal Agency(s) needs to fund at least a portior
of the implementation: 1) Do they know the cost requirements? and 2) Can
they accommozZate the funding and lead-times? The bottom!ine centers on,
will the project have a meaningful impact o a specific system's acquisi-
tion, manufacturing or repair cycles? Arranged in a tabular form, the
evaluator :an follow down through 13 data points te arrive at a final
rating of this factor.
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13. Industrial Implementation: For a large number of projects, pri-
vate industry will be required to fund the implementation. Some eval-
uvators may balk at this area and plead ignorance of what the private
sector may or may not do. Without some understanding of the inclinations
of the implementation thinkinos by industry, the possibility exists that .
good project results may just "sit on the shelf." Information needs to be
obtained on how industry perceives the future investment costs (Section
XI) and the probability that funds will be available. Project results may t"_’
support two or more different market sectors. Naturally for MANTECH pro- L
jeces, the obvious concern is focused on private investments to meet
DOD/Federal requirements. However, potential for technology transfer to R

.

e
the commercial non-DOD marketplace can influence the project's chances for !;j:?
success and implementation to meet DOD requiremments. Thus, intelligence :;$}§:
on industries' perceptions of commerical applicability, market risk, total §f:ﬁ§
private developmental funding (independent of MANTECH), and estimates of E}?ﬁ:
transfer time are useful. Also, the results of the section can be com- F§§i§
pared to the Support ratings (Section V).
'\
RS
14. Benefits: In the Need category, (Section IV), the single most -?lrij
important driving element was identified. This section is structured so S
that the primary and secondary benefits can te rank ordered and benefit “uff=
ﬁ§§ start-dates estimated. So as not to be overlooked, a critical question is :}?}g
'iti asked: "What is the probability estimate thet the government will incur :;?ﬂ%
- lower procurement or other life cycle costs?® For some projects, cost is ?f?i?
' not a basic issue. However, for most projects, lower costs is at least a ——
: secondary benefit. e
b L
. RSN
; ' 15. Global Relationships: This category includes 14 elemenrts which .fb}*
- draw attention to possible duplicating efforts, vertical integration, i?ﬁ:;
e B N d
. automation enhancements, sub-tier impact, political considerations and T
f&;ﬁ impact on competition, to name but a few, The thrust of this area is to f{i{é
;:ﬂf stimylate a macro-perspective and an appreciation of the potential far- S
ﬁij7 reaching implications of the project. ‘Lj}}
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16. Return On Investment: The term, ROI, is gaining in popularity.
The methodclogy for calculating ROI is relatively straight forward, but
the estimates of future costs and savings can be quite inaccurate. This
section is rather detailed; however, only applicable portions need be
completed. Two paths through this section exist. The first deals with
projects designed to improve or replace an existing/projected method, pro-
cess or item. As with the next path, procurement cost, process cost and
1ife cycle cost are candidate analysis items. When there is a basis of
comparison, potential financial savings can be computed. On the other
hand, in the second path where the project generates a new method, process
or item and no basis of comparison exists, only costs can be projected.
The section is well outlined for ease of completion and includes guidelines
for reaching a final rating.

C. Project Evaluation Summary Chart: The final goal in this
research effort was to summarize the factors into a comprehensible format
for use by key decision makers. Various schemes are contained in the
1iterature which attempt to weight factors and/or mathematically mani-
pulate the data in numercus wzys so as to derive a final project index
number. (See "R&D Project Selection: An Annotated Bibliography,™
Daniel T, Fetsko, 1983 SCEEE SFRP Report.) Generally, these schemes are
never really used or are quickly adbandoned. With the risk that someone
will again add up numbers, the final summary chart (Figure 1) contains a
rating scale ranaing from  to +2.

These ratings or as some may call them, “"Figqures of Mesrit", are
not intended at this stage of design to undergo any mathematical operation
The appropriate blocks in the chart should be marked and presented to the
key decision makers along with the first three sections of the evaluation
Back-Up Sheets (Title, Objective and Description). The rest of the Back-
Up Sheets support more cdetailed discussion. Final decisions on project
selection and funding still rest with the key decision makers. With the
suggested approach, their view ran now be centered at least initially on
assimilating the major factors, rather than being inundated with all the
sub-elements.
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PROJECT EVALUATION SUMMARY SHEET

EVALUATION RATING:

-2 -1 0 +1 +2
1. Nature of Need
2. Support
3. runding For Development
4. Non-Direct Financial
Requirements
S. System Integration
6. Interlock With Other
Thrust Areas
7. Technical Success
8. Future Investment
Requirements For Co N
Implementation =
n.:.t.':.-.:.il
o .\‘.\‘
Implementation :$:5:LE
- W
10. Industrial Implementation oG
¢} Tt
o '\
11. BRenefits o
E; 12. Global Relationships |!3;¢$5
3
e 13, Return on Investment S
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V. CONCLUSIONS

MANTECH project selection and resource allocation decisions are
complex mental processes involving numerous considerations. Without a
systematic evaluation methodology, some considerations can be overlooked,
while others may be overemphasized. The Project Evaluation Back-Up Sheets
and the Summary Chart are management tools designed to support, not
supplant, the intuitive judgement of the decision makers. The use of
these evaluation tools can also assist in structuring discussion of can-
didate projects. Furthermore, these devices can be used to orient new
employees regarding project assessment considerations. Lastly, they can
also be applied to temper external pressures when there are obvious project
shortcomings.

VI. RECOMMENDATIONS:

A. Copies of this report and the Project Evaluation Back-Up Sheets
should be provided to interested DOD organizations

B. The products of this research effort need to be used with the
view that they are preliminary documents. Local efforts should be made to
modify these products as needed.

C. Recommend that an evaluation be conducted within one year to

determine if this research was of value and if future refinement of the
methodology is appropriate.
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ATTACHMENT 1
EXTRACTED SECTION FROM MANTECH PROJECT EVALUATION BACK-UP SHEETS
IV. NATURE OF NEED:

A. Principal Sponsor:

B. Directed Project: _ Office: Date: -
(Yes/No) (As Applicable)
C. Source of Need ldentification: (Specify)
AF Uther DOD Industry Other U.S.
] Date:
Report Conference Other
D. Required to meet:
AF 00D Industry Other U.S. NGRS
Current Need: éﬁéﬁjli
SheeTas,
Future Need: BT
E. Applicability to Weapon System(s): R
Is this project directly related to a weapon system? ;a§{‘:f
Yes “No A
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Applicability to Support System(s)
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The Single Most Important driving factor for this project is:
Note: Other factors are listed in Section XIV, Benefits.

System will not function without this project
Counter a potential hostile threat

Improve system performance

Major focus of a thrust area

User demand

Basic technological problem preventing general use
Speed up development for DOD use

Lead time reduction

Stimulate capital Investment

Improve readiness

Meet surge requirements

Increase production throughput/yields

Satisfy health requirement

Improve safety features {h{'

T s ERG
Minimize an environmental problem i:f
Achieve MILSPEC standards T

Reduce change-out problems iii
Enhance sustainability o

Improve power efficiency :;Cj

___ Decrease energy consumption .
Imorove engineering oroperties :3::

Gain an improved understanding of a production problem -

___ Develop reliable domestic sources m
_____ Minimize ‘he need for critical materials o
Reduce/eliminate foreign deoendency iri
Correct a spares problem o
External organizational pressure s

____ hAchieve a high return on investment (ROI) e
_____ Accomplish a key step in a thrust area g
____ Complete a thrust area o
Reduce maintenance/repair costs -

Reduce production costs in the area of: =

direct labor e
____indirect labor o

scrap rate .

____ raw materials )

capital investment '

Foster more rapid technology transfer i“

___ Need to scale up >
______ ighly promising product/orncess T
Industry capability is low or lacking o
______ Correct obvious inefficiencies g
___ Improve productivity (specify: ) -
_____ Other (specify: ) e
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AN ASSESSMENT OF WARTIME AVAILABILITY OF RECOVERABLE ITEMS

by T

e

E. Stanley Lee, Ph.D. ‘,::.::.:

it

ABSTRACT

Y

The most critical test of the sdequacy of the logistics systems of :';:::;ﬁ:'-

the Air Force is during the worst scenario such as the initial war surge m
period or any other critical period when the demands far exceed the anti- "‘"’:
cipated repair or transportation capabilities, In order to assess the war '\::j:_%j':
time readiness and sustainability and in order to obtain the best logis- :_':::'_E'::
tics policies during the worst scenario, the true dynamics during this g
period must be analyzed and accurately modeled based on war time emergency *.;’
criteria and characteristics which are complately different from peace :E:l'-_f.f
time. o
:j-.

The true dynamics with limited repair and transportation capabilities ;'_g:

for recoverable jtems during the worst scenario are analyzed by the use of .,__..q
simple exanles, Due to its simplicity in computation, the deterministic '.:“:-.jj'.

fluid approximation is analyzed and appears to be ideally suited to model N
the complicated and large Air Force logistics system during the worst el
scenario, To further up-grade the model to include the stochastic charac- '“*'I N

teristics, diffusion approximation of the queueing theory can be used., ,.;
Another possible approach is the formulation of new stochastic processes »::'_:;.:
which may be easier to handle than the traditionally stochastic processes -_;-Z".-:
encountered in queueing theory. T
q g ry o
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I. INTRODUCTION

The most critical logistics problem in a war is during the initial
surge pericd after D-Day. Both because of the sudden surge of war
activities and the need of rapid transition from peace time to war time
environment, the logistics policies and resource levels for sustaining a
war are subjected to the most severe test during this surge pariod.
Thus, the preparation of logistics support of a war should be primarily
based upon this initial period which is characterized by:

(1) Because of the very high demands on repair facilities there is
a high probability of a queue of repairable items waiting to be
repaired,

(2) Because of the very large volume of items required to be

transported, there is a high probaovility of a queue waiting for trans-
portation,

(3) Because of the war urgency, cannibalization and lateral re- iﬁ
supply may become an important part of the logistics system. f:‘::::jf

i
In addition to the above characteristics, the recoverable items are
generally multi-indenture in structure and multi-echelon in repairable [ o

stations. Thus, in order to assess the war time materiel readiness and 'r\_
sustainability, all these factors based on the rapidly changing war Z‘.i::'_-'_:j
dynamics must be analyzed. These assessments are important not only for '.'}:'.;".
fighting and sustaining a war, they also allow the Air Force to 500
determine, for a given level of support, where funds would best be spent l-:
in providing logistics support such that the Air Force's ability to .\~
fight a war is maximized. :’:
The various important factors for the general resupply process for "‘
recoverable jtems during the initial surge of war are illustrated in !QL_
Figure 1. A two echelon system with base and depot repair is assumed. s

B:cause of the limited facilities irn repair and transportation, tandem
queues or queueing networks are needed for the two echelor repair
stations and transportation queues are assumed beuween the base and the -
gy -
-
._"..'
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Models. Two bdasic approaches have been used to analyze the
logistics of recoverable items: (1) Monte Carlo simulation models, and
(2) analytical models. Monte Carlo simulation models emulate a real
world process through the use of probabilistic descriptions of process
activities and events, Although his type of model can represent the
process in great detail, it suffers from the enormous computation
requirements. The true dynamics of the process with the consideration
of queue has been modeled sucoessfully in JEMS (Jet Engine Management
Siaulator) [13].
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Analytical models can abstract the essentials of the logistics
system and represent it mathematically. Thus, it can be used to handle
large complex systems such as the logistics of recoverable items.
However, in order to consider the true dynamics of repairable items
during the initial war surge, the three characteristics listed above
must be included. But, unfortunately, very little has been done to
include these characteristics in the various existing analytical models
such #s Dyna-METRIC, LMI availability model, and WARS [3-10]. One
reason is because the extreme difficulty encountered in solving the
dynamic queueing equations. Notice that both of the first two
charateristics require the solution of this type of equations.

Although the general dynamic queueing equations are very difficult
to handle, the dynamic equations representing temporary over capacity
where the arrival or demand rate temporarily exceeds the service rates
can be handled reasonably easily. The reason for this is that we are
not concerned over whether there is a queue, we are only concerned with
the queue length. Because of the large number of arrivals and the
certainty that there is a queue, the system behaves like fluid flow with
diffusion. Thus, the fluid and diffusion approximations of queues can
be used to handle the limited repair and transportation facilities
during the initial war surge.

In this report, these approaches will be explored. Some simple
examples will be given to explore the fluid approximation approach which
is a deterministic approach. The stochastic diffusion approach of
queues and its possible applications to the war surge period will also
be examined,

Another approsch to avoid the dynamic queueing equation is to
reformulate the problem in terms of simpler stochastic process. Several
approaches have been proposed in the literature, These approach also
will be examined briefly for its suitability to model the Air Force
logistics systems.

One of the most effective ways to represent stochastic processas is
the Markov process. This approach combined with basic reliability
analysis are also examined for the study of cannibalization in a
separate report (17). I¢ should be noted that Markov decision process
is ideally suited for treating the opportunistic engine maintenance
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problem [18].

I1I OBJECTIVES OF THE RESEARCH EFFORT
The objectives of this research were:

(1) To study and to analyze the war dynamics during the initial
surge period, or any critical period where the demands exceed repair
capabilities, for recoverable items, The initial surge period after D-
Day is the most critical portion of a war and its time dynamics are the
most important factors in assessing logistics support capabilities, The
influences of some of the assumptions in existing analytical models such
as Dyna-METRIC on the war dynamics during this surge will be examined.

(2) To explore modeling methodologies which can be used to model
the true fluctuating dynamics with limited repair and transport
capabilities duri'ng the surge period for multi-echelon and multi-
indenture recoverable items.

(3) To assess the effectiveness and applicability of these various
methodologies for modeling recoverable items and for estimating war time
materiel readiness and sustainabjlity during the surge period. Because
of the limited time and also because of the extreme complexity of the
Alr Force logistics systems, only an initial start can be made. More
detailed study and modeling must be carried out during later
investigations.

II1 DETERMINISTIC FLUID APPROXIMATION

as

During the surge of a war where the expected number of units of ta@y 4
demand is very high, the queueing system behaves like a fluid and thus
it is called the (deterministic) fluid approximation [14, 15). Since
there definitely has a queue and we are only concerned with the surge

T RN W T Y Y.

of queue length with a fixed and constant repair rate, the stochastic
aspects such as whether or rot there is a queue is no longer important.
Therefore, deterministic approximation is ideally suited to model this '.:j:f-_j:';,‘_’.-
Qo
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process.

To illustrate the true dynamics of a war during the initial surge
after D-day, consider a very simplified example of a single base without
depot support. In other words, & one-echelon repair system with no
indenture.

During peace time, the base has an unlimited repair capacity and
all repairs are performed at the base. Suppose that an item has a fixed
daily demand rate of 0.8 units and a fixed base repair time cf 5 days.
Assume that the initial surge of a war lasts 15 days. The daily demand
rate during this surge period is 3 urits per day. After the first 15
days of the war, the demand rate gradually decreases following the
decrease in flying activity which has the form:

Demand = M\ (t) = 3.16e Ot (1)
This decrease in flying activity was used by Muckstadt [l] to

demonstrate the differences between steady state and dynamic models.

Thus, the expected demand rate in the second column of Table 1 is
obtained by using:

d =08, k<l, k>28

Q.
[}

3.0, 1<kg 14
&-14

A At dt, Kk = 15,16,...,28 )

(=9
"

‘-5

Where dk is the expected demand rate at day k.
It should be noted that these equations for daily demand are
arditrarily assumed. The daily demand rates are also shown in Figure 3.
Since the repair time is 5 days and the repair capacity is assumed
unlimited during both peace and war times, the third column in Table 1
is the summation of the demands of the previous 5 days. Assuming
Poisson arrival, the last column in Table 1 is the smallest nonnegative

integer, “k’ such that
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TABLE 1

UNLIMITED REPAIR CAPACITY, 15 DAYS INTENSIVE WAR

Expected Stock level required to
Expected no. of units achieve 0.8 probability of

Day Demand in resupply no back orders
0 0.8 4,0 6
1 3.0 6.2 8
2 3.0 8.4 1
3 3.0 10.6 13
b 3.0 12.8 16
5 3.0 15 18
10 3.0 15 18
15 3.0 15 18
16 2.7 14.7 18
17 2.5 14,2 17
18 2.2 13.4 17
19 2.0 12.4 15
1.8 11.2 14
1.7 10.2 13
1.5 9.2 12
1.4 8.4 1"
1.2 7.6 10

SNRJETBREY

141 6.9

9

1.0 6.2 8

0.9 5'6 8

0.8 5.0 7

29 0.8 5.6 6
30 0.8 n'3 6
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é e () .y (3)

=t > " <
where M is the number of units in resupply during the kth day. In ::j{'.;_',.‘:'.::
other words, the last column of T-*le 1 represents the stock level on o
each day such that the probability of having one or more backorders is .-
no greater than 0.2. This is the policy the Air Force uses to compute ) '-llf
the stock level for spare aircraft engines [2]. Observe that the peak
requirement of 18 units occurs on days 5 through 16. (See also Figure 2 ~"-'_:l",-_‘.'-:';f
where the third column in Table 1 is shown as Curve A.) The process :‘;i”‘*:
returns to the minimum or peace time stock requirement of 6 on the 29th BOROIC

day after D-day.

Although Table 1 shows the dynamics of initial surge of a war, it RS
does not show the true dynamics of demand due %o one important
unrealistic assumption, namely: the base has unlimited repair capacity,
Since the war time demand is asssumed 3.0/0.8 = 3.75 times higher than
peace time demand, it would be very unrealistic and very expensive to
keep a repair facility with repair capability 3.75 times higher than
required during peace time. Thus, in nearly all practical situations,
the repair capacity is certainly limited during the initial surge of »a
war. Even if we assume a restricted war limited to a small number of
bases, we still need time to increase the repair capacity by moving

....

equipment and technical personnel from other bases to the bases
concerned.

Suppose that during peace time only 803 of the repair capacity is
utilized in this single base and 203 of the repair capacity remains
idle. Since the item requires 5 days to repair and the peace time
demand i3 0.8 unit per day, the base must have 5 simultaneous repair
facilities for this item. Table 2 is obtained by assuming 5 servers or
S repair facilities in the base. The expected demand is the same as in
Tadble 1 and is obtained by using the equations in (2). Coluwan 3 shows
the number of units in resupply which are in repair and Column 4§ lists
the numbar of units in resupply which are waiting to be repaired because
of limited service capecity. The total

5811
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TABLE 2

LIMITED REPAIR CAPACITY, 15 DAYS INTENSIVE WAR

Expected Stock level required to 5N

Expected No. in No.in no. of units to achieve 0.8 probability 'C;::;:j:

Day Demand service queue 1in resupply of no back orders# .2._\.:}.
T

e

0 0.8 4.0 0.0 4.0 6 o

1 3.0 5.0 1.2 6.2 8 L

2 3.0 5.0 3.4 8.4 1 "

5 3.0 50 100 15.0 18 S

6 3.0 5.0 11.2 16.2 20 hea
10 3.0 5.0 20,0 25.0 29 o
15 3.0 5.0 30,0  35.0 40
0 1.8 5.0 36.2 4.2 y7 ﬁ
25 1.1 5.6 38.1 43.1 49 N
30 0.8 5.0 374 42,4 48 A\
35 0.8 5.0  36.4 41.4 47 zig
51 0.8 5.0 32.4 37.4 43 4]
101 0.8 5.0 224 2.4 32 S
201 0.8 5.0 2.4 7.4 10 e
2

® . Assumed Poisson distribution, This assumption is not completely :
correct. “

i

number of units in resupply is the summation of Columns 3 and 4. The ,
last column in Table 2 is obtained in the same way as those obtained in Py
Table 1 by using Equation (3). However, for large values of the mean,

"k' the cumulative sums for Poisson distribution can be approximated by {:’.
normal distribution. Thus, for M > 20, cumulative suus of normal .
distridution are used. !S.

s
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It should be emphasized that the last column in Table 2 is not
correct. This is because Poisson distribution is assumed. Thus, the
last column in Table 2 should only be used with great care.

Notice that, except in day zero, all the servers are busy in Table
2 for all the time until day 201. (See also Figure 2 where the fifth
column in Table 2 is shown as Curve C) The peak requirement of 49 units
occurs around day 25. The process did not return to the peace time
stock requirement even on day 201.

If the required stock level is obtained based on unlimited repair
capacity as those listed in Table 1, the stock level would have
understated starting on the 6th day of war and lasting over 100 days.
Furthermore, the actual maximum requirements would be understated by 49
- 18 = 31 units which is 172 percent understocked.

Suppose this is a l1imited war and the repair capacity at the base
can be increased by moving repair equipment and repair technical
personnel to the base fairly quickly. Furthermore, suppose that this
movement required ten days. Let us assume that the repair capacity is
doubled at the 11th day of war. In other words, we have ten servers
starting on the 11th day. Using the same demand scenario, Table 3 is
obtained. Observe that the maximum expected number of units in resupply
(MENUR) is 36.2 and this peak demand occurs at around day 15 to day 20
(see also Figure 3). Compared to Table 1, the MENUR is understated by
36.2 = 15 = 21.2 units. This duration of understock started on day 6
and lasted until day 36.

Observe that by doubling the service capacity at the 11th day of
war, the MENUR is reduced by T units or only approximately 20%.
However, the duration of shortage is considerably reduced.

Another way to increase the repair capacity is to increase or add
overtime for the workers. Obviously, there is a limit for this overtime
because of repair and testing equipment and manpower limitations. Let us
assume that on D-day we can increase our number of servers from 5 to 8
immediately by overtime and after 10 days of war we can add repair and
testing equipments and manpower to 10 servers. The results in Table 4 (see
also Figure 2) are obtained under these service capability assumptions with
the same demand scenario. Notice that except peace time and the first day
of war, all the servers are busy until the 36th day of war. Compared to
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Table 1, the MENUR is understated by a maximum of 30.2 = 15 = 15.2 units,

TABLE 3 i

\:_i.

Repair capacity doubled after ten days, 15 days intensive war, E-‘f.z

Expected 2

Expected No. in No. in no. of units ._

Day Demand service queue in resupply ';.'_',:'

pre

0 0.8 4.0 0.0 4,0 :;-2:

. 3.0 5.0 1.2 6.2 025

5 3.0 5.0 10.0 15.0 s

10 3.0 5.0 20.0 25.0 ]

11 3.0 10 16.2 26.2 m;

15 3.0 10 25.0 35.0 )

20 1.8 10 2.2 36.2 5

21 1.7 10 211 3L.1 o

31 0.8 10 1.4 21.4 e

41 0.8 9.4 0.0 9.4 N

46 0.8 3.4 0.0 3.4 e

If the required stock is obtained by assuming no repair capacity E

limitation, the duration of understock which would limit the war j.':'.f-

fighting capability starts on day 6 and lasts until day 35. In other j::-fj_

words, our war fighting capability would be greatly reduced during most ;::?.'

= of the time of the war. AR

f:I:f:Z'j Thus, the dynamics of war can be influenced greatly by repair

t-\ limitations, The expected number of units in resupply due to both in :fj:

' -.* service and waiting to be served from Tables 1, 2 and 4 are plotted in 1__f:

"'-""? Figure 2. Unlimited repair capacity assumption can cause the required ,

:.-: stock level greatly underestimated even under the most optimistic "'
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TABLE 4

Five servers in peace time, 8 servers during day 1 to day 10 and 10
servers after dzy 10.

Total Expected

Expected No. in No. in no, of units
Day Demand service queue in resupply
0 0.8 4,0 0.0 4.0
1 3.0 6.2 0.0 6.2
2 3.0 8.0 0.4 8.4
5 3.0 8.0 7.0 15.0
10 3.0 8.0 14,0 22.0
11 3.0 10.0 12.0 - 22.0
15 3.0 10.0 19.0 29.0
20 1.8 10.0 20.2 30.2
25 1.1 10.0 17.2 7.3
30 0.8 10.0 11.6 21.6
35 0.8 10.0 5.6 15.6
36 0.8 10.0 1.4 11.4
37 0.8 9.6 0 9.6
4o 0.8 9.6 0.0 9.6
41 0.8 5.4 0.0 5.4

assumptions., The dynamics of war not only depends on the change in
demand rate, it also depends heavily on the repair capacity of the
system. Since nearly all of the currently available analytical models
such as the dyna-METRIC and the LMI availability model do not consider
the repair capability limitations, it is important to add this aspect
into the models. This is especially true in view of the fact that
because of the severe logistics demand during the initial surge of war,
the required stock level is very sensitive to the intensity and duration
of war, the repair capacity or limitations, the transportation capacity
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and how quickly we can mobilize to wartime repair and transportation

capabilities. Because of this severe demand on the various resources, a '-:.':T'.':-f
detailed study of the true dynamics of war is a necessity in order to "“"—

prepare for war adequately during peace time,

It should be mentioned that Monte Carlo simulation models such as
JEMS and TJEMS do consider repair capacity limitations [13].

To illustrate the influence of repair capacity on the dynamics of
war, the results in Table 3 is plotted in Figure 3, The difference
between the expected number of units in resupply and the number of
servers in any given day gives the queue length or the number waiting
for service. It is this queue length or the area inside the curves
formed by the points ABCDE that is important from logistics standpoint.
The maximum height of the curve at point B represents the time at which -

the maximum queue or maximum number of units in resupply which is not
available for use and the duration from point A to peint C represents
the duration at which there are units waiting to be repaired or the
duration during which the repair capacity is not adequate. Thus, both ".m
the height and the width (or duration) are important parameters. For
example, if we assume the system fails any time there are 15 units or T
more in resupply, then, knowing the duration or width of the area ABCDE,
one can estimate the mean time between system failures (MTBSF). For the
scenario in Figure 3, this MIBSF is 36 - 5 = 31 days which is obviously
too long for a war of only 15 days duration. The maximum height of the
area can be used to estimate the maximum number of units which are in
resupply. Notice that because of the fixed repair time of 5 days, there
is always a delay of at least 5 days during which time the unit is not
available, It is this delay that makes the dynamic so severe,

This type of analysis can be used to illustrate the influences or
sensitivity on the dynamics of war under various different conditions
such as the length of repair time, transportation time, the duration and
intensity of war, repair capacity, and the various delays due to
limitations on repair capacity, transportation capacity and shortage of

parts.
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IV. MULTI-ECHELON AND MULTI-INDENTURE SYSTEM i

The above illustration was purposely made simple. The actual _;_'L

problem is complicated by both the structure of the system and the ’-‘.

repair procedures. An airplane is structured multi-indenture., The Q:f:':-'.'.'

repair operation in the Air Force logistics systems is multi-echelon in ,‘:'.:"_:Zi_

location and multi-station at a given lornation for any given repairable j::::-.";

item, '6—-:

Even for this complicated system, it ic -vpected that the above "Sj-ﬁl

procedure can still be used to study the dynamics of the initial war :Et‘ll:::

surge. This is because the basic simplicity in the approach and in the ff—'_;l:::.

computation. However, it should be emphasized that only during the war :__‘

surge period where demand rate is much higher than repair capabilities, F’f.‘

this approach can be used. If the demand or failure rate is relatively ,:\

low, the probability of formulating queue or no queue becomes important ~\"

and the deterministic assumption can no longer be used. ::'}_Z::-f

Another disadvantage of this approach is that because this is a ﬁ

deterministic approach, all the stochastic properties are lost. For fjf:?j::

example, in obtaining the last column in Table 1, Poisson distribution '_:-\.:::'.

can be assumed because of unlimited repair capacity. However, the last \

column in Table 2 is not completely correct. This is because of limited ,‘_.‘h

repair capacity with queue and thus the distribution of the expected m

number in resupply is unknown. This is why in Tables 2-%&, only the '.‘_'-':.'_'-.:

expected numbers of units in resupply is used. The stock level required \

to achieve 0.8 probability of no back orders is unknown. One way to f.-_'_t-j'

overcome this disadvantage is by the use of diffusion approximation E

pa which will be discussed in the next section, However, by the use of ,’.'f-’_f

- this approximation, the computational process becomes more complicated “,-'.:::\.::

¥ as compared to the simple procedure discussed in the previous section. ;Z:::::::.

N To illustrate the multi-station nature of the repair process, S

e consider the "raw engine build-up" procedure after the base receives the !E"

i engine from the depot [13]. The flow chart for this multi-station ;‘:"f:.;

F repair process is shown in Figure 4 [same as Refsrence 13, Chart 6). As ?.

-{5 can be seen, a series of queues can be formed. A queue may be formed to :;»'f:f;

I‘ wait for the stand, as a second queue may be formed to wait for crew, a !___‘__

F( third queue for parts if parts shortage occurs, and a fourth queue for :E:::'\{:'

: o
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the test cell. Thus, instead of a simple queuing process as that
discussed in the above illustrations, we have a series of four queues in
tandem. The distribution of the output from this series of queues is
obviously much more difficult to obtain. However, if we only consider
the initial surge period, the dynamics of this tandem queue can still be
obtained in essentially the same way as that discussed in the
illustrations by assuming constant service times and by using
deterministic approximations. The only ‘ifference from Tables 2 through
4 are that there are more than o01e queues waiting to be served, more
than one service station in sericvs, and the total expected number of
units in resupply would be the sum of all those in services and in
queues,
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To add the multi-indenture and multi-echelon property, the system
is even more complicated. For example, in order to repair component j,
sub=component i may be needed. But, sub-comporent i may be back-ordered
and is not available. Thus, another queue can be formed for this sub-
component. It is proposed that the extension of the above procedure to
the multi-indenture and multi-echelon system be investigated during the

mini-grant program,
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V. DIFFUSION APPROXIMATION N
Although the deterministic fluid approximation discussed in the f:f-ﬁ::
previous sections is simple to calculate and appears to be ideally )

suited for study the dynamics of the initial war surge, the stochastic
property of the system is completely lost., For example, we can
calculate the mean of the back orders for certain item, but, we don't

know the distributions of this back order. Obviously, it is desirable ——-:
to know the distribution also. f.-'".j-:.

Since the dynamic queuing equations with variable arrival rates or ,:‘_
variable demand rates are too complicated to be of practical use, i
various other approaches to consider the stochastic property of the -'.:'_'-'.:‘_
system have been devised, Two approaches which appear especially suited . ‘:-
to model the Air Force logistics systems will be discussed briefly in ::Ij'-;.'
this and the next section. :Efj:E:,

The diffusion approach [14-~16] is based on the idea that the number )"-
of units in the system is so large that the integer nature of the count R
can be ignored. During the initial war surge period, this is exactly [;ﬂ
the situation where the number of units in resupply waiting to be served '-};:'.;
is large. :I;:}.:,

The behavior of queuing system is abstractly very similar to the ..,h
behavior of fluid diffusion. In queueing theory, the first moment of Mﬁ

the probability density is the analogue of the center of gravity of the
mass distribution and the variance is the analogue of the moment of
inertia about the center of gravity. Based on mass balance of fluid
flow with diffusion and after some manipulations, the following
differential equation representing the probability distribution function
of the queue of an item with time-dependent arrival rate can be obtained

.

- "t . . ) . . ®
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; :.': where F(i,t) is the probability distribution function of the queue at 5
::;Z'; time t, A(t) is the time-dependent arrival rate at time t,4is the I o
:'f:, time-independent or constant service rate, ,( is the queue langth, I A 18 .:f-l-:-.
;i the variance to mean ratio for the arrival rate, and I, is the variance !' :
;’.Ei to mean ratio for the departure or service rate. S
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Although Equation (4) is a very complicated partial differential

equation, it is much easier to handle than the differential-difference e

classical dynamic gqueueing equation. Furthermore, since this is j.r_:‘_:jff

basically the same equation in fluid diffusion and heat transfer, it has | IR

been solved under many different assumptions in the literature. s

Equation (4) can be simplified by the following transformation of -:'.:j{-

the time coordinate: .::_'.':-_j'.

, [t | S

X =] L M)+5]dt (&) 3

A A

TR

Equation (4) becames: _ By

— ) & / ’ o

D rloey=J450 12+ LTI &)

= P 2 ( -~y

L Ft)=/3( a‘)@y 25/ g =

ot
with

o J=AL) S
(4= Iy A0 ) + T & it

1 ' e
Since F ([,t ) is a distribution function, the boundary condition for DN
Equation (6) must be I

Fllg#)=e, Flzg7)= (9)

Once the arrival or demand rate, A (t), is given for a given
problem, Equation (6) can be solved numerically with Equation (8) as the
boundary conditions for the distribution function F([ t‘.) .

Notice that Equation (6) only represents the queue of one item at
one repair station. Thus, if the arrival or demand rate is different
for different items, Equation (6) must be solved for each different
arrival rates. Based on this distribution for every different arrival -
rate, a model can be established. This model should be established i—‘if
slong the same lines as Dyna-METRIC except that repair capacity is e
limited. e

Obviously, a lot cf work needs to be done to establish this model,
It is hoped that this approach can be further explored in the Mini-grant b
program.
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VI. THE FORMULATION OF NEW STOCHASTIC PROCESS

Because of the simultaneous consideration of the interaction of two
nonstationary stochastic variables (the arrival and departure stochastic
variables), the dynamic queueing approach is very complicated, If one
could extract a simpler stochastic process from the system based on the
particular characteristics or assumptions of a given process, the
problem may be easier to handle, Several different approaches, such as
the busy and idle periods concept [15] and the MTBSF idea [12] are
proposed in this direction. The advantages of these approaches, are
that they are not limited to the war surge period. Due to space limita-
tions, this possible approach will only be discussed briefly here.

As discussed in the previous sections, one of the principal
difficulties in using existing analytical models to model the dynamics
of the war surge is the assumption of unlimited repair capacity. This
assumption can cause considerable under estimation of the required stock
level, From Figure 3, it can be seen that the duration from A to C is
an important variable. This duration depends on the relative rates of
demand and repair and this is a partial measure of the repair
limitation, The MIBSF defined in Section III represents this duration,
For example, if we assume the system fails at the following different
numbers of units in resupply: 10, 15, 25, 30, etc., the corresponding
MTBSF's are 38, 31, 21, 13, etc. Thus, the area AEDCB can be obtained
indirectly by using different values of MIBSF's,

In the LMI availability model or the recent version of Dynha-METRIC,
the | oblem is:

Maximize: (System Availability)
Subject to: (Total Logistic System Cost) { C (9)
However, the MIBSF is also an important variable, It measures the
duraion during which the war fighting capacity is greatly limited. -
b Thus, instead of Equation (9) if we solve the problem:
e
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Maximize: (System Availability)
Subject to: (Total Logistic System Cost) { C (10)
(MTBSF) 2 T

The dynamics of war is also indirectly and partially considered.
The reason that this is only a partial consideration is that the maximum
queue is not ccnsidered. Once the queue is over certain length, the
system is considered failed. It should be emphasized that this is a

practical and useful approach for the Air Force logistics systems. .':

Graves and Keilson [12] proposed this approach which is similar to ‘-i
that of Goss et al [11]. The main advantage of this approach is that ‘::’—
the stochastic variable, MTBSF, is much easier to describe than the L Yo
stochastic variables traditionaly used in queueing theory. These :':
authors reduced Equation (10) into a zero-one integer programming \"
problem which can be solved approximately by linear programming. This ::E:;::_;:
approach appears promising although some computational difficulties must ﬁ

be first overcome,

VII. RECOMMEMDATIONS

The deterministic fluid approximation has shown to be an effective
tool for studying the logistics for recoverable items during the initial
war surge or during any critical period where the demands extends the
repair capacity. However, because of the complexity of the Air Force
logistics systems and also because of the limited time during the summer
research program, only a start has been made to investigate the
logistics of this critical war period. Several areas need further
research. The most fruitful areas for further investigations are:

(1) Expand the deterministic fluid approximation into one
mathematicsl analytical model for the thousands of recoverable items in
the Air Force logistics system. This model should at least include the
multi-indenture, multi~echelon and multi-station repair features with
limited transportation and repair capabilities. Cannibalization and
lateral resupply will alsc be included. Because of this limited
transportation and repeir capacities, the model is much more complicated
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due to the presence of various queues. However, because of the ;.
simplicity of the approach as shown in this report, the model should be :-‘.‘-.".'.::
within the available computer capacities. '_'-j'.::;l'.-.

(2) Expand the analytical model obtained above to cover the multi- o
indenture in structure and multi-echelon in storage consumable items
with emphasis on the limited transp.r~tation capabilities.

(3) In order to further expand the above model to include more
accurate stochastic distributions concerning the number of units in the
repair pipeline, both the diffusion approximation and the formulation of :
new stochastic processes should be further investigated. Both jl-‘_-'\?'.
approaches appear to be an effective technique at this stage of the .
research. However, the computational effort involved must be consider-
ably reduced before it can be applied to the Air Force logistics sys-
tems. These approaches can be applied right now to a small sub-system
of the Air Force logistics systems such as a module or an engine with
only few most important modules.

I purpose to continue the ‘nvestigation based on the above recom-
mendations with emphasis on the particular characteristics during a war
emergency such as the limited repeir and transportation capabilities for
the multi-echelon and multi-indenture recoverable items, the limited
transportation and storage capabilities for consumable items, and tne
importance of cannibalization and lateral resupply.
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LASER DENSITOMETER DESIGN

by
Joanne M. Foley
and
Mark E. Lewittes

ABSTRACT

A design for an automated laser densitometer is presented. The
design allows for the measurement of the optical density of samples with

high attenuation factors. Such materials are used for or have the poten-

tial for use as laser protective eyewear.

The densitometer is designed to measure optical densities as high
as 8+,1 OD. Both pulsed and continuous laser sources are incorporated in
the densitometer. Wavelengths in the range 488 nm to 1064 nm are avail-
able. A microcomputer provides the automation of the laser densitometer,
proapting the user through the measurement procedure, making the meas-
urements, and ultimately performing the calculations to determine the

optical denaity of the sample.
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I. INTRODUCTION

The task of developing laser protective eyewear is especially
difficult. This is due to the availability of many types of lasers with
output wavelengths covering the UV, Visible and IR spectrum. No single
protective filter can function at all wavelengths. Thus, the problem of
evaluating protective eyewear materials is important for determining the
best materials for any particular environment. The Air Force has had a

continuing program for determining the suitability of laser protective

eyewear. (1-5)

Much of the previous work used laser densitometry to measure ‘“he
transmission of optically dense samples. (3-5) Commercially available
spectrophotometers such as the Beckman ACTA MVII are capable of measuring
a change in transmission of three orders of magnitude. A sample which
can attenuate light by three orders of magnitude is said to have an opti-

cal density of three. More generally optical density (0.D.) is related

to transmission (T) by the relation
0D = LOGyq!. (1)
T

The laser densitometer used by Murray (4) was capable of measur-
ing the optical density of very dense samples. It employed a nitrogen
pumped pulsed dye laser. The pulse widths of these lasers were less than
6 nano-seconds. The method employed required that this short optical
pulse be split into two optical paths, one path being longer than the
other, The light from both paths was detected by the same

photomultiplier tube. Since one path was longer, the resulting optical

59-4

T

»
i

it

XA
oy

1R

Pk

.
Ki
. %

-
AR

.,

v
e ‘e
£ .

o0
e
£t

&

)

v
X

»

N

RN

*y

._-‘IE I,'.

| U e
e
b SR

v

.3
. 4
. .l'|

. e
s 8.

DR
PR
D

.
[

. "® o
abr e x

e
»

PP ) Ny
oS 1_"." .v' ]ﬂ-




delay allowed the signals from the two paths to be observed as two
sequential pulses on an oscilloscope. The optical sample being tested
was placed in one path which changed the relative size of the two pulses.
Manually changing the filters in the sample path allowed the experimenter
to obtair a near balance of the pulse signals. The optical density of
the sample was then calculated from the optical density of the filters
removed from the sample path and the ratio of the sample and reference

pulse amplitudes.

While this laser densitometer was effective it had two drawbacks.
First, it required the use of a very short pulsed laser and would not
function with either a long pulse or a continucus laser. Second, the
manual filter adjustments were cumbersome. The accuracy of the optical
density measurements depended on the skill of the operator in reading

pulse heights on the oscilloscope and his willingness tc perform the

task.

Subsequent to this work, Major D. Maier of USAFSAM/RZ Laser Labo-
ratory, conatructed a prototype laser densitometer. This eliminated the
need for an ultra short pulsed laser by detecting the reference beam with
a second optical detector. This laser densitometer still required the
operator to manually move neutral density filters into or ocut of the op-
tical path. The fundamental concern of the present work is to design an
automated laser densitometer capable of using either pulsed or continuous

lasers as a light source.
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II. OBJECTIVES

The design objectives of the laser densitometer were as follows:

(1) To have the measurement of optical density be

independent of laser intensity instability.

(2) To measure optical density up to 8 OD with an
accuracy better than .1 OD at wavelengths of common laser sources, and at

different polarizations of the source.

(3) To automate the system and provide user interaction

using a microcomputer.

(4) To accommodate the varjous laser types which differ
in waveform, wavelength and power in a single experimental arrangement,

avoiding realignment or replacement of optics.

(5) To select and order the appropriate electronioc and

optical components.

I1I. System Overview

As discussed above one of our design goals was to measure the
transmission of samples over 8 orders of masnitude. This {s difficult in
a3 single beaxz absorption experiment because even the best optical detec-

tors are only linear over six orders of magnitude In intensity.
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By insuring that the intensity which impinges on the optical
detector is independent of the optical density of the sample, the diffi-
culty of nonlinearity can be overcome. This is realized by using a feed-

back system which alters the intensi.y impinging on the optical sample

such that the transmitted light is a constant and thus independent of the

sample's optical density. The measurement is made on the basis of how

o
. r .
DAL R

Al s, -

r et
£

-
1 4

much the light intensity has to be altered.

o .
(]
»

l‘l
"
R4

L
0
a

A diagram of our implementation of this method is shown in

f

s

Figure 1. The laser light source represents one of several lasers avail- G

7 e

PR
.

t a4 2 8

able as sources in this system. The laser beam itself is split into two

beams by a beam splitter. The left optical path in Fig. 1 is consid-

RO

ered the reference path. It provides a signal to the feedback system
which is proportional to the instantaneous laser intensity. The

right path is the sample path.

With the sample temporarily out of the optical path, and filters
summing to an optical density of 8 in the sample path, the electronic
signal generated by the beam in the sample path is matched to the voltage
of the reference path's signal. When the sample is placed in the sample
beam path the two signals are no longer equal in magnitude. The
microcomputer provides the feedback mechanism in this system. It drives

the linear actuators (stepping motors) to move the appropriate filters

out of the sample path until the two beams are again equal. Since opti-

cal density is additive, the total optical density of the filters which

were removed from the path is equal to the optical density of the sample

@ -
itself. This value {s displayed on the CRT to the operator. T
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The densitometer contains three subsystems, the optics, the LS
analog electronics, and the microcomputer. These subsystems will be 0.

discussed in detail here.

Optics
One objective of the design was to be able to test optical sam-
:: ples over a wide range of irradiation. Our optical design includes four
)

separate lasers which provide radiaticn at six distinct wavelengths span-
ning the spectrum from 488 nm to 1060 nm. Two of the lasers provide con-
tinuous radiation, while the other two provide a pulsed source of

e radiation. The pulses are either of long (750 usec) or short (15 nsec)

duration depending on whether or nct the laser is Q switched. Table 1

lists the lasers and their output capabilities including wavelength and ,-.;_\::
pulse length. \.\
S
Laser Source Wavelength (nm) Waveform m
“\-.‘.': .
Argon Ion 514,5 Continuous e
488.0 A
N
Helium-Neon 632.8 Continuous —;
Ruby 694.0 Pulsed ._u B
15 ns or 750 usec AN
e

Nd-Yag 1064 Pulsed I
530 15 ns or 750 usec e
Py

TABLE 1: LASER SOURCE OUTPUT CAPABILITIES -
9.

59-9 .
Q==

B T N P e TS A SR N I .-_-_._n-'.‘-'.
e e L T T e N e e e



The optics table layout is shown in Figure 2. By using beam Py

i@

splitters and a single kinematic stage, all four of the laser beams become Ff'd?
colinear before the optical beam path is split into the sampie and refer- ;{ffx

ence paths. Thus, all of the lasers are permanently aligned so that any
of the lasers can be used as the radiation source with aminimal. effort
on the part of the user. As any one of the four beams enters the sample
path, it must be within a certain intensity range. The minimum intensity
is limited by the minimum 1ight required to produce a mid-range signal

from the photomultiplier tube used as the detector in the sample path.

Remember that in the sample path, the light is attenuated by a

factor of 108 by the combination of filters and the sample i{tself. The

".:.;:'.

¢ e

damage threshold of the neutral density places the upper limit on the

‘.,
X
XA

intensity. Using the characteristics of 9808QB photomultiplier, a beam

£
[ ‘%

intensity in the range Jf 50 mwatts/cm? entering the sample path is opti-
mal for a continuous laser. For a pulsed laser, the time response char-

acteristics of the photomultiplier tube determine the optimum peak

intenaity in the sample path to be 100 watts/cme.

All lasers used in this system have sufficieat power to provide f;fﬂi

the optizal intensities when the brams are | cm {n diameter. In fact, T?,'
@ o
the pulsed lasers must be attenuated consideradly from their initial peak !%3*’

intensities which are on the order of 75 megawatts by a series of wedge
prisms. The two pulsed laser beams propagate through the wedge prism
attenuator and then are directed into the common optical path through a

sirror mounted on a kincmatic stage. A kinematic stage can be removed from

a’ss

.
Pl

59-10

(PP
v

a8 &




- @« * e o . 4 g 3 8 . 3 B . . [ PR A N 117 ..,.._..m
RN SRR L AN ; ) s e T....., e e b oY “ﬁ VIR
P AR SR A a . S ey SR J.-.“ O

A . MO R L 3 I 4

S
.‘.,..-.L
R
R o-...f‘
.’ .- 4

NOIS3d ¥ILAWOLIISNIA ¥ASVT ‘INOAVI FTEVI SOILd0 7 F¥NOIL

; 3dwWvg S¥3IiNng JoViS
Asr19n38 Nywin3aN pIBE1L 1)
— R 433 SRS AN
w&a”._.”. a/ \\“mmO n ﬂi“
INWOo10
Y3anginw SHIiva 33 2 I )
. N« v} . .
_ D«IC R e ot ! s -
1S 3goq : >
YISV oVA - PN [N Ciowg - F¥INIS IMIVIDINT » _ A
- 1 . ; |
¢ . I )., I
t758 | E-5X[ Mt |
. vlLrl'.'llh.oU / ' I
ST O - 360993134, X§ ¢
A\ YOALVNANILILY SOLS wv 2l
4018 Wv3g ) ¥3ddon D JHI)
1y 00§
: 1989 |- W
i . —P o —— 7
: ¥W3SV] NO3N -3H 14
Q300017
. VO G3GWNG . ¢ .
SOONNIANDGD —4—— -
A # it ¥ .Ja..:z..uw -*
¥asYy NOOYY i ’
. vouyiw

NIPRRIAIE, | P




N

t:' and replaced back into an optical system with high precision so that no ;.-:_:;-

" optical alignment adjustments are necessary. The beam {s then split by 'h

‘ an uncoated beam splitter. A little over 90% of the beam goes into the

: sample path. The remainder of the light goes into the refercnce path '.::-::_‘-j:
’ where a photodiode monitors the laser's intensity.

The 1light in the sample path i{s attenuated by the series of
neutral density filters mounted on the linear actuator shafts. The ___
nominal values of the filters were chosen to minimize the total number of ".‘_i
filters required to obtain any combination of optical density up to OD 8 ':"::
with a r~esolution of ¢+ .02 or better. The filters chosen have nominal .'"-'-."-\.:

optical densities of 4, 2, 1, .5, .3, .2, .1, .04, .03. The OD 4 f{ilter

.-i E %

A
is constructed out of two OD 2 filters. e
YA S
._'_\:_'
Even though the filters nominally have a constant optical density ‘::T':‘..'
over the entire spectrum, this {s not true to the accuracy which is !_w
o
required in this system. To compensate for this fact, the optical -
density of each filter must be measured individually at sach wavelength
of interest. This table of measured dens’'ties vs. wavelength {s then .-
stored in an array within the microprocessor memory. It is used when '_:'-"_:;:
calculating the total optical density which has been removed from the ,.
sample beam path. SN
| IS
SaTe
The sample can be moved vertically and horizontally as well as {-:".{
rotated around both its vertical and horizontal axes. These position -':‘-'_':'
adjustments are available so that the optical dennity of the sample can .‘
be measured as a function ¢f position and angle of incidence. The two ‘.::'::'
:-.\
SN
RS
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angular adjustments are required because the lasers are linearly polar- .

ized. The resulting asymmetry may cause an angular dependence of the

samples optical density. x'.

Tnere are Lwo minur difierences between the paths of the continu-

ous and pulsed lasers. The first difference is that the continuous beam K

is chopped by a 500 Hz mechanical chopper. Chopping the optical beam re-

a0,
o 0.
DA
2
e,

sults in an electrical signal from the optical detectors which is a

.
-

¢ 2 2

e
o

§l:i

square wave of 500 Hz. We will later see that this is important in re-

E

4
Ak

moving the detector's dark current and other noise components.

000

.0
'.'
A

s _"' P
f,
ChRr g AR

The next difference in the optical path is the passing of the

e
A
" -.. *
-,

chopped beam through a S5x expanding telescope to expand the beam diameter
to 1 cm. In the pulsed source case the laser beam diameters are already

lcm in diameter upon exiting the laser, 80 no expansion is necessary.

Just before the beam gets to the detectors, the light passes
through a laser line filter. 1Its transmission dband {s matched to the
laser being used. The function of the filter is to pass the laser signal
and prevent the room lights from entering the sensitive detectors. The
last elements in the optical system are the detectors. A photomultiplier
tube i3 used in the sample path and a photodiode in the reference path.

Both the S-1 photocathode of the photomultiplier tube¢ and the silicon

;. .‘c'-.o'-.‘.-.‘-.'-.\' - '.s'(- oy "..‘--" -

Ao
photodiode detector have spectral sensitivity over the range of wave- ==
\;f:
lengths of the laser sources used. (See Tadle 1) s
be
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A comparison of the sampie and reference signal magnitudes will

explain the choice of having different detectors. The sample path has an '.:-:‘ -

LA

attenuation of 108 of the incoming light because of the neutral density f.}_‘\

filtars and samnle in its path, This {s nartially compensated for by ".A—

[ 3

allowing 95% of the source light to enter the sample path and only 5% to \ N

N

enter the reference path. The photomultiplier tube has a quantum eff{- :_-:._\

ciency of about 17500 (1 photoelectron for every 500 photons), whereas

[

the photodiode's quantum efficiency is close to 1. The photomultiplier '.,-';v,_f

has an internal current gain of 106. whereas the photodiode has unity ;':-f‘:

gain. This would still leave a considerable mismatch in the two sigrals.

)

To adjust for this, as well as limit the position sensitivity of the “

photodiode in the reference path, the reference beam passes through an :-\;f:

N

intergrating sphere before the photodiode senses it. The ‘ntegrating :::-:.:

Sl

sphere reduces the intensity seen by the photodiode by a factor of 2000. atal

‘.mu

Thus the ratio of the photomultiplier signal to photodiode signal is .'(

nosinally: .:-:.:

DA )

."‘.\

-8 6 A

PMT Signal .95 x 10°° x (1/500) x 10 .76 2

PO Signa: ° —.08 x (1720007 - @ c.-,".-‘

o

w:' Thus, t.e two signals are of comparable magnitudes. Any residual differ- :.%
.’ ety
:- ence detwsen the two signal amplitudes will be compensated for by vari- St
M NS
f o -
’>, able gain ampiifiers within the following analog electronics. A
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A difierent photodiode {s used for the pulsed lasers than the one
used for the continuous lasers. The one for the continuous laser detec-

tion has a surface area of 1 cm?. This diode's surface area has consider-

able capacitance, making the detection of the pulsed lasers i{mpractical. . '-':}:

Therefore, the UDT PIN 040 photodiode with a .04 mm@ surface area is

dsed. Tnils diode has a rise time less than 4 x 10”9 seconds and can be

used to tewmporally resolve the pulsed laser intensity profile. The same -..--
photomultiplier tube {8 used for both the continuous and pulsed lasers. ';::
The photomultiplier tube has a rise time of 2 x 10”9 sec even though {t !‘?;j
has a large area photosensitive cathode (2 inch diameter). ':\_:&::
X

The output signals from both optical transducers are currents. ‘.;;_;

These currents are converted into voltage signals by transimgedance '.-;m
AN

amplifiers. The expected magnitudes of the output voltages are on the 2..

order of .5V for both the sample and the reference signals.

Electronica

We have used an analog circuit subsequent to the phototransducers

and their transi{mpedance amplifiers. The function of this circuit is to

determine which (if ei{ther) of the sample or reference signals is larger

1

0
.
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& and to digitally encode this informatlon for the microcomputer. The <
. L YRR
& o« .
: digital sigral is then read by the microprocessor which will in turn ’_...-:._-_:
. ol
- alter the intensity in the sample path in an attemp: to match the sig- !‘“‘;.
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Because the temporal characteristics of the analog signals
expected from the pulsed laser sources and continuous laser sources are
significantly different, two separate analog signal prccessing circuits
were designed. In both circuits care must be taken to remove the portion

of the signal due to the de¢ dark current.

¥When using a continuous laser socurce, recall that a mechanical
chopper interrupts the laser beam at a frequency of 500 Hz. Refer to
Figure 3 for the schematic of continuous case electronics. The first
stage of the analog circuit is a narrow bandpass filter with unity gain
at the center frequency. The center frequency is tuned to 500 Hz with a

bandwidth of + 10 Hz. Thus, the dc dark current portion of the signal is

rejected by this amplifier. In addition, the noise bandwidth is limited
to 20 Hz, eliminating most of the shot noise of the detector. Addition-

ally, by operating away from very low frequencies, 1/f noise generated in

the preamplifier stage 1is minimized.

The second stage of the circuit is a precision full wave recti-
fier followed by an RC filter. Notice that there is an adjustable gain
on the rectifier so that the signals in the sample and reference paths
can be balanced prior to the insertion of the sample into the optical
path. The RC filter converts the rectifiod signal into a dc level which
is proportional to the 500 hertz signal which is in turn proportional to
the lizht intensity seen by the phototransducer. The .1 second time con~

stant of the RC filter limits the ripple of the 500 Hz fundamental fre-
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e
\‘;x
quency to 1/100 of the dc level produced. The buffer amplifier following }3}3
R
the RC filter isolates the filter from the input impedance of the follow- (:_‘
X & .
ing stage. # 4
Up to this point, the circuitry ~f the reference and sample paths -}}f}
are identical, The dc signals from these two paths are now subtracted :{i{j
1. l-‘ «
and the difference is multiplied by 10 for better resolution. The result- .
'.L ‘J',

RS
ing output of the subtractor will be a positive dc level if the sample -}t%}
'n"*_! .:
path voltage 1is greater than the reference path voltage and negative if RS0
.I‘.r".
o0
the sample path voltage is less than the reference voltage. The result Hiu;
r~.r—£|
of the subtraction between the signals is compared to 5% of the reference A
YA
L S
signal. A table showing the encoding of the relative amplitudes of the .}::F
CeN
sample and reference signals follows. L and M refer to the outputs of the S

two comparators in Figure 3.

-

Comparator Outputs
0= low 1l = high

L M Significance
0 0 Sample signal is within 57 of reference q
0 1 Sample signal is greater than reference by more ?c:

rvs

than 5%, subtract OD from path

~5 &8
21

1 0 Sample signal is less than reference by more than
3 5%, add OD to path

Ll ".'.
d

,
s

L
£,

1
oo
e
l,
0 v
I A

1 1 Illogical and almost impossible

[
Y.

TABLE 2:  COMPARATOR OUTPUT SIGNIF ICANCE

r
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LG et

he logic of the subtraction and comparator functions is the same
for the continuous and the pulsed circuits. The methods used to obtain
the signal levels proportional to the peak intensities of the sample and
reference optical signals are considerably different. See Figure 4 for

the schematic diagram of the pulsed case

The specifications of the OEI 5032 peak sample and hold device require
that the input signal be positive. The output of both phototransducers are
negative currents, and subsequently reslut in negative voltages from the
transimpedance amplifiers. To provide a positive input to the peak sample

and hold device, an inverting transistor amplifier is used. See Figure 4.

The duty cycle of the pulsed lasers is on the order of one pulse per
second. It is deisrable that the intensity comparison be made on a single
pulse rather than integrating the signal over 5 or 10 pulses., Thus, the
information must be obtained from a single pulse of short duration. A
peak sample hold device captures and holds the peak signal seen from the
photransducer. While the total current in the pulse train is very small
(a few picoamps) the peak current is in the milliamp range. Because the
peak sannle and hold device is sensitive to the peak current, the dark
current can be neglected since it is orders of magnitude less than the

peak current.

In order to obtain the long hold time required to allow the longer
laser pulse of 750 u s duration to finish before the reading is taken,
two sequential peak sample and hold devices are used. The first peak
sample and hold device has a fast rise time in order to catch the peak of

the 15 ns pulse. There is a trade off, for it has a short holding time of
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[
less than 10 psec. However, this holding time is sufficient to allow a -j:;:

slower rising peak sample and hold device in series with the first device
sense the peak. Its decay rate is .0l volts/sec. The peak value is held
for more than a millisecond. This is long enough for the microcomputer to
read the resulting comparator outputs. The microprocessor requires a
minimum of six machine cycles to perform the reading, with each cycle being

one microsecond in duration.

All of the peak sample and hold devices are discharged by a signal
from the microprocessor just prior to the microprocessor signal which fires
the lasers. This insures that a reading from the present laser pulse is

made rather than from the peak of a previous pulse which is still being held.

As mentioned above the dc levels from peak sample and hold devices are
inputs to the indentical subtraction and comparison network as described for
the continuous laser electronics. The resulting output signals from the

comparators are TTL compatible and are read directly by the microcomputer.

MICROCOMPUTER

The microcomputer chosen for our application is a Synertek Systems SYM-1.

It 1s based on the 6502 Central Processing Unit., By utilizing plug-in expansion
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is used on the SYM-1 to handle peripheral interfaces. Three VIA's are

used, each with 16 lines which are individually programmable to act as

input or output lines.

The micreccomputer system provides a degree of automation to the
densitometer svstem by activating the linear actuatouss, reading the proc-
essed signals from the electronics, firing the laser in the pulsed case,
and giving the user the opportunity to repeat the test. The main pro-
gram, written in BASIC, provides user interaction and contains the deci-
sion making algorithm. Machine language subroutines communicate to and
from the input/output ports. Information is passed from BASIC to machine
language and vice versa. These programs are stored in Erasable pro-
grammable Read Only Memory (EPROM). The user is instructed to turn on
the laser he wishes to use for this particular measurement and to input

to the terminal thz wavelength and wave form of the laser.

The difference between the pulsed and continuous cases is that for
the pulsed case the microprocessor must provide the discharge capacitor
signal to the peak sample and hold devices before each new pulse, and then
fire tue laser after an appropriate delay. For the continuous case, the

optical signal is time invariant. Thus there is no need to exercise con-

trol as in the pulsed case.

Control is then transferred to the microporcessor where the filter
positions are intialized to an optical density of 8 i{n the sample path.

At this time the user is instructed to match the sample and refer-
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Just less than an optical density of 8.

OD 8 as the smallest filter's resolution allows.

routine or stopping the program.

et

ence beam electronic signals by adjusting the gains in the electronics.

the imbalance condition is reversed, that is until the sample path has

A binary search {s initiated
until the combined CD of the known filters and the sample is as close to
The optical density of
the sample {s thus found by subtracting the known filter values at the
wavelength under test from the total 0D used at null (nominally 8 OD).
This value {s printed on the CRT und the user has the choice of repeating

the measurement, changing the laser, repeating the electronics balance

.. .
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The comparators are repeatedly read and when both are low and remain low, u!
then we are certain that the amplitude of the reference signal is equal EE
to tha. of the sample signal with OD 8 in path. Once a match i{s made the Eg
user is instructed to position the sample and indicate when ready for E%
measurement . Eﬂf
Zi The insertion of the sample causes an inbalance between the sam- Et
X ~
ple and reference signals. Initially the microprocessor senses from the ;
electronics connected to the input ports that there is less intensity in &i:
the sample path. The algorithm responds by indicating to the machine Eé
language linear actuator drive program to change filters in decrements of :{5
1 OD. The machine language program then determines which filters need to ;ﬁ
be changed in the beam path and provides the triggering and direction :E
input (protraction or retraction) to the motors. This continues until E?
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IV. RECOMMENDATIONS

When the design of this densitometer is implemented, the operator
must be aware of its capabilities and limitations. The densitometer will
measure optical densities over a range from O to 8 OD with a resolution
of £+ .02 OD. The densitometer may give erroneous measurements when the
density of the material is either time or intensity dependent. Glass

embedded with a bleachable absorber is an example of -.ch material.

Other efforts in the USAFSAM Laser Laboratory have been in
exploring the spectral emission generated by the plasma created by a high
power infrared laser impinging on airplane windscreen material. The
plasma emission contains light of wavelengths throughout the visible
spectrum. It would be neceasary to modify the densitometer design so as
to test samples with a continuous spectrum of visible light rather than
.at a few wavelengths. An organic dye laser would be a suitable source
for it can provide either a pulsed or continuous wave, tunable throughout
the visible and near infrared spectra (.4 uym to .9 ym). Thus,
incorporating the dye laser into the design would expand the capabilities

of the laser densitometer.
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REAL-TIME DATA QUALITY ASSESSMENT

OF DISTRIBUTED DATA ACQUISITION SYSTEMS

by
Sigurd L. Lillevik

Christopher T. W. Rentola

ABSTRACT

This report Jdescribes a 10-week research effort to
study the data quality of the Avionics Laboratory's TSCF
distributed data acquisition system. This facility
generates data for validating Air Porce models and for
sensor evaluation. A second-order, alpha-beta tracker was
designed to predict the value of a parameter one sample in
advance. Thus, whenever the difference of the predicted and
actual data exceed a threshold value, erroneous data are
detected. To demonstrate this principle and to develop an
off-line aid for detecting erroneous data, a software
package called DBQA was written, debugged, and verified.
This software package was used to evaluate raw data and
obvious data excursions were correctly detected as erroneous
data. These results indicate that the method will work very

well in a real-time environment.
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I. INTRODUCTION -{}faﬂ
Q‘ ._‘ \.

The Department of the Air Force conducts research in E:_'_’

LS

modeling of many naturally occurring phenomenon. For :;:-*‘
example, models of the atmosphere assist pilots in '_Z::::‘_Z",;
determining optimal flight plans. Other examples include I

Tactical Decision Aides (TDA) which provide fighters with

information on when, where, and how to attack a particular

target., All models approximate a complicated system and ;":"::,
require validation to determine their accuracy and :~.
limitations. To meet this need, the Air Porce Avionics &.::
Laboratory developed a Targeting Systems Characterization %
Pacility (TSCP) composed of several minicomputers, a :::ZE:Z::
four-tank scene or target, and an array of sensors. Besides ‘;..."
validating several models, the TSCF laboratory allows for :..“_.
extensive evaluation of sensor requirement, precisions, and m

ranges. Both the Air Porce Armament and Geophysics
Laboratories use the data collected by the TSCF and its
instruments.

The TSCP laboratory «consists of a network of
loosely-coupled minicomputers configured in a star
architecture. Pach remote node is physically separated from
the central node but linked to the central node with a

serial communications line.

Building 622 houses the central node which contains

RP 2113 and 2112 minicomputers. As the central node, these
.- -
60-4

,A{?
"

.....

a0 . '._’- - .
s _A‘-,‘ ‘., ; .‘A".A.":A..LA 3 -L-P .l_-.t u\w Mm;“.!_._ig\




= :
‘ minicomputers coordinate all data acquisition activities and
:‘.-:" enter collected data into a data base management system. ’—
::: This software package provides for efficient storage, \_
E: manipulation, and retrieval of data. j'j:'.:
"E-‘ Located in a tower attached to Building 622, the first ____
\_.‘ remote node uses an HP 6942 Multiprogrammer to monitor '
\: several meteorological sensors. In addition, a forward :'
\ looking infrared (FLIR) sensor scans the target scene and an .'
'\ - additional hot-patch. Also, this tower holds a calibrated F:
\ infrared source monitored by a transmissometer at the tank '.
\ site. Approximately 2.25 km separates the remote node and ,
O L
;}} the target scene. M
-».‘ Two additional remote nodes are located at the tank ‘::;',
5_\ site. One of them contains various meteorological sensors 3'_
'-}:'. plus several temperature sznsors mounted on a tank. These »
~_ sensors and the transmissometer connect to an "P 6942 [m
Multiprogrammer which serves as the computer for this node. ,
Finally, the last remote node, also located at the tank _.
’ site, contains an Inframetrics 210 radiometer which monitors .\::.
:':.'-: the tank scene. The radiometer sits on a cherry picker ?:.-::
.$ which swings a 180 degree half-circle to obtain different \1
i tank profiles. Under control of a DEC 11/23, this r<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>