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INTRODUCTION ‘
|
Research Initiation Program - 1985

AFOSR has provided funding for follow-on research efforts for the
participants in the Summer Faculty Research Progrem. Initially this
program was conducted by AFOSR and popularly known as the MNini-Grant
Program. Since 1983 the program has been conducted by the Summer Faculty
Research Program (SFRP) contractor and fis now called the Research
Initiation Program (RIP). Funding is provided to establish RIP awards to

about half the number of participants in the SFRP.

Participants fn the 1985 SFRP competed for funding under the 1985
RIP. Participants  submitted cost and technical proposals to the
contractor by 1 November 1985, following their participation in the 1985
SFRP. ‘

Evaluation of these proposals was made by the contractor.
Evaluation criteria consisted of:

1. Technical Excellence of the proposal
2. Continuation of the SFRP effort
3. Cost sharing by the University |

"The 1ist of proposals selected for award was forwarded to AFOSR for
approval of funding. Those approved by AFOSR were funded for research
efforts to be completed by 31 December 1986.

The following summarizes the events for the evaluation of proposals
and award of funding under the RIP.

A. Rip proposals were submitted to the contractor by 1 November
1985. The proposals were limited to $20,000 plus cost
shartng by the universities. The universities were
encouraged to cost share since this {is an effort to
establish a long term effort between the Air Force and the

ij unfversity.

e . 8. Proposals were evaluated on the criteria listed above and
,‘;‘ - the final award approval was given by AFOSR after
= consultation with the Air Force Laboratories.

by C. Subcontracts were negotiated with the universities. The

period of performance of the subcontract was between October
1985 and December 1986.
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Coplies of the Final Reports are presented in Volumes I through 1II
e of the 1985 Research Initfation Program Report. There were a total of 82
- RIP awards made under the 1985 program.
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K INTRODUCTION DY
v 9!
" Research [nitiation Program - 1985 ¥
K AFOSR has provided funding for follow-on research efforts for the

participants in the Summer Faculty Research Program. Initially this
4 program was conducted by AFOSR and popularly known as the Mini-Grant
N Program. Since 1983 the program has been conducted by the Summer Faculty
; Research Program (SFRP) contractor and 1is now called the Research
! Initiation Program (RIP). Funding is provided to establish RIP awards to
A about half the number of participants in the SFRP.
}- Participants in the 1985 SFRP competed for funding under the 1985

contractor by 1 November 1985, following their participation in the 1985

¥ RIP. Participants submitted cost and technical proposals to the q
PN SFRP.

Evaluation of these proposals was made by the contractor.

=) Evaluation criteria consisted of:

d 1. Technical Excellence of the proposal

Ay 2. Continuation of the SFRP effort

of 3. Cost sharing by the University
-:{ The 1list of proposals selected for award was forwarded to AFQOSR for
b approval of funding. Those approved by AFOSR were funded for research
H efforts to be completed by 31 December 1986. "
iﬂ The following summarizes the events for the evaluation of proposals
jg and award of funding under the RIP.
5 A. Rip proposals were submitted to the contractor by 1 November
;) 1985. The proposals were limited to $20,000 plus cost
Yy sharing by the universities. The wuniversities were
‘:f encouraged to cost share since this is an effort to
\j establish a long term effort between the Air Force and the
:3 university.

™

W

'.‘ 8. Proposals were evaluated on the criteria listed above and

the final award approval was given by AFQOSR after
consultation with the Air Force Laboratories.
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Subcontracts were negotiated with the wuniversities. The
period of performance of the subcontract was between QOctober
1985 and Oecember 1986.
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;:: Copies of the final Reports are presented in Volumes [ through 111
::, of the 1985 Research [nitiation Program Report. There were a total of 82
‘ﬁj RIP awards made under the 1985 program.
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Summary

This report presents a design optimization algorithm for structural weight minimiza-
tion with multiple frequency constraints. An optimality criterion method based on uniform
Lagrangian density for resizing and a scaling procedure to locate the constraint boundary
were used in optimization. Multiple frequency constraints of equality and ‘nequality types
were addressed. The effectiveness of the algorithm was demonstrated by designing a num-
ber of truss structures with as many as four hundred and eighty nine design variables. No
attempt was made to reduce the number of design variables by such procedures as linking
and/or invoking symmetry conditions. The design examples include a ten bar truss. two
hundred bar truss, a modified ACOSS - II and COFS (Control of Flexible Structures)
mast truss. All the structures contain nonstructural mass besides their own mass. The
algorithm is extremely stable and in all cases the optimum designs were obtained in less
than twenty iterations regardless of the size of the structure and the number of design

variables.
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Introduction

The optimal design of structures with frequency constraints is extremely useful in
manipulating the dynar'nic characteristics in a variety of ways. For example, in most
low frequency vibration problems the response of the structure to dynamic excitation is
primarily a function of its fundamental frequency and mode shape. In such cases the
ability to manipulate the selected frequency can significantly improve the performance of
the structure. Similarly the aeroelastic characteristics of an aircraft wing are primarily
governed by its torsional and bending properties which can best be studied by the lower
torsional and bending modes. In fact, in most narrow-band excitation problems control of

the frequencies in the critical range is tantamount to control of the dynamic response.

A large amount of literature related to the optimization of structures with frequency
constraints is available. Most of these papers present design algorithms based on a single
frequency constraint which uses only the information about the fundamental frequency and
the associated vibration mode [1-3]. A few papers however, consider multiple frequency
constraints [6-9]. A brief description of the previous research work is given below. This is
by no means the complete literature on frequency optimization.

Miura and Schmit {1} minimized the structural mass of a cantilever beam and a wing

structure with a fundamental frequency constraint. A mathematical programming method

based on an interior penalty function was used. This method can be used in conjunction

o with design variable linking for optimizing practical structures. Refs. [2-7. 9] employed
’ optimality criteria methods in designing minimum weight structures. Minimization of
) ‘:‘ structural mass subject to a fundamental frequency constraint and maximization of the

fundamental frequency for a given structural mass has been considered in the design of

rods and trusses by Venkayya and Tischler {5]. Elwany and Barr [6] presented results

é
FALMATRERS

tor the minimum mass design of a cantilever beam subjected to multiple {up to three)

ror<ional frequency constraints. A variational procedure was used in deriving the neces-
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sary conditions of optimal design. The resulting integral equations and their solution are
continuous function of spatial variables. Fleury and Sander [7] used a generalized optimal-
ity criteria method for designing beams with multiple frequency and buckling constraints.
Basically the method is an extension of the conventional optimality criteria approach or it
can be viewed as a linearization in mathematical programming. Pedersen (8] has addressed
beam problems with constraints on the first four frequencies using a Linear Programming
method. Khot (9] has considered a truss structure with two frequency constraints and
found interesting anomalies in the convergence. Olhoff [10] presented results for maximiz-
ing a higher order frequency subject to a given volume constraint. He uses a variational
approach and derives the optimality condition in an integral form. The resulting optimum

shape is a continuous function of the spatial variable.

This research work examines the problem of finding the minimum weight structure
satisfying the frequency constraints. The design problems considered are optimization (i)
with a single (fundamental or higher) frequency constraint (an equality constraint) and (ii)
with constraints on multiple frequencies (treated as equality and inequality constraints).
The optimality criterion method in conjunction with a scaling procedure has been used to
design a minimum weight structure with frequency constraints. The algorithm developed
by Venkayya and Tischler [5] has been used as the basis for the development of the present

multiple frequency constraint formulation.

This algorithm based on an optimality criterion approach is very efficient and reliable
even in the presence of a large number of design variables. The optimality criterion is
derived by differentiating the Lagrangian with respect to the design variables and the min-
imum weight design should satisfy this criterion. The essence of the optimality criterion
i« that at the optimumn the weighted sum of the Lagrangian energy density must be the
same in all the elements. The optimality condition consists of the gradients (constraints

and objective function) and Lagrangian multipliers. The gradients of the frequency con-
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straints and objective function can be derived analytically from the dynamic equilibrium
equations and the expression for the objective function. In the case of a single constraint.
the evaluation of the Lagrangian multiplier is simple and straight forward. However. in the
case of multiple (active) constraints determination of the Lagrangian multipliers requires
approximations. The basic equations are nonlinear and also the inadmissibility of non-
positive Lagrangian multipliers presents additional difficulties. In this work, Lagrangian
multipliers are approximated using simple expressions derived from single constraint con-
ditions. The optimization consists of three basic steps. The first step is analysis of the
structure followed by scaling and resizing. Analysis gives information about feasibility or
nonfeasibility of the design. Scaling is for obtaining the feasible design. A simple scaling
procedure is developed for multiple frequency constraints. An estimate of the scale factor
is obtained iteratively to reach ne frequency constraint boundary. The resizing algorithm

is derived from optimality conditions.

This report discusses the optimality algorithm, resizing procedure. and scaling tech-
niques for multiple frequency constraints. The effectiveness of the algorithm is demon-
strated by using large structural design applications with hundreds of design variables and

multiple frequency constraints.
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Problem Statement

The structural optimization problem is stated as follows:

Minimize structural weigit

=3 pzd, (1)

1=1

subject to behavior constraints

g,(x) =w,?=22>0 j=k+lk+2.,m

and side constraints on the design variables
> !
I, I, (3)

z! is the lower limit on

where p, is the density, [, is the length, z, is the design variable, z;

the design variable, w, is the jt* natural frequency, J, is the specified value of the jt*
] 7

frequency, n is the number of design variables, and m is the number of design constraints.
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Optimality Method

The optimality method consists of two steps. The first step involves derivation of the
optimality conditions and associating them with an energy condition in the structure. In
the second step, an iterative algorithm is derived with the help of the energy condition to

achieve the optimality condition.

The Lagrangian formulation for the above stated problem is written as:
m
L(x,A) = W(x) = > A9,(x) (4)
=1

where L(x.A) is the Lagrangian function and the A’s are the Lagrangian multipliers. The

unknowns are the design variables r, and the Lagrangian multipliers A,.

Minimization of the Lagrangian L with respect to the design variable vector x gives

the condition for the stationary value of the objective function as:

OL _oW(x) & g, i
5z = oz~ X Mgp =0 (5)

)=1

From equation 3, the optimality condition can be written as
m
ey =1 i=12..n (6)
J=1

where
_ dg,/ 0z,
= 5W/az,

Equation 7 represents the ratio of the constraint to the objective function gradients with
respect to the design variables. These ratios can be associated with special forms of energy
densities depending on the type of constraints. For the case of frequency constraints. e,,

is computed as follows.

The eigenvalue problem corresponding to the undamped linear system i1s written as

fa

A
e

»

. 2 o
Ku) :*'IM«,‘)} (R}

2
.l' ‘b q
e

y
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where w,; is the 7** natural frequency, ®; is the jt* eigenvector or natural mode of the
structure, and K and M are the stiffness and mass matrices respectively. The mass matrix

M is a combination of the structural mass, M,, and the nonstructural mass, M..

In this research work, the natural frequencies are calculated using the Sturm Sequence
method [11.12] in conjunction with a bisection procedure. By using this method any
desired frequencies and the corresponding modes can be computed without computing any

of the remaining frequencies and modes.

The square of the j** natural frequency of the structure can be defined by a Rayleigh

quotient as:
it
(x) = o,Ko,
7 ¢} Mo,

(9)

where superscript ¢ denotes the transpose. Substitution of equation 9 in 7 gives the ex-

pression for ¢,; as:

_ {‘1’1}! k; {¢;} — ‘-‘Jf{‘%}t my {¢)}

Y pizill (10)

where k, and m, are the i** element stiffness and mass matrices respectively in the global

coordinate system. The eigenvectors were normalized using the expression
t —
o'Mo, =1 (11)

In deriving the e,, expression, the stiffness and structural mass matrices were assumed to
be linear functions of the design variables. This is true for truss and membrane elements.

and needs minor modification for bending and other types of finite elements.

The solution of the optimization prbblem involves (n + m) unknown quantities, where
n 15 the number of design variables and m is the number of Lagrangian multipliers cor-
responding to m constraints. The optimality condition described in equation 6 gives n
equations. The additional m equations can be compnted by writing the original constraint

conditions as follows:

32-8
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From the Rayleigh’s quotient in equation 9, the derivative of the frequency with respect

to the design variables can be written as

dw,? W,
dz, = Yz, (12)

where ~, is the ratio of the nonstructural modal mass to the total modal mass and is given

by
N o'M.0, (13
H= o' Mo, )
Substituting equation 12 in equation 7 gives.
o,y = 202102 _ 1/ (14)
v W/ oz, R A
Equation 14 for active constraints takes the form
n
Z eIl = *;JJ.']Z J=1.2....m (13)

1=1

Combining equations 6 and 15 provides the necessary equations for determining the La-

grangian multipliers as follows:

n
Z eyp T lie A, = '7,&12 Jj=12....m (16)

=1

or

where the matrix H is given by
H =e'De (18)
H is of the order mxm since it involves multiplication of mxn. nxn, and nxm matrices.

and ( is a vector of “;].Z'Jz. D is a diagonal matrix and its /** diagonal element is given by

Dll =p!'tl[l (lg)
The elements of matrix H can not be determined explicitly because the e and D matrices
are functions of the design variable vector which is itself unknown. Equations 6 and 17

are nonlinear sets of equations. and they have to be solved by iterative methods.

32-9

O I T S U
: N e e T

Ny VY R O

-
P O I S




T T T T T ST RN E RS RN T UN VN U W T TP T DY TON

TO TV T
T N W W W Y Y W U WV W S w e Ty Try vy vy yevey

Optimization Technique

1. Resizing Algorithm

The optimality condition for multiple frequency constraints can be stated as, “The
weighted sum of the Lagrangian energy densities corresponding to mulitiple frequency con-
straints should be equal to unity in all the elements”. This can be achieved by satisfying
the condition given in equation 6. By multiplying both sides of Eq. 6 by z” and taking

the p'* root (@ = 1). we obtain

m o
J:i"l = .z:f Z CJef] (20)
=1
where o controls the step size, and C, contains the weighting parameters which can be
approximated as functions of the Lagrangian multipliers. Superscripts & and k + 1 are
introduced to denote the iteration numbers. The iteration scheme is repeated until the set
convergence criterion is satisfied. If there is no minimum size constraint for an element.

then the quantity within the parenthesis is equal to unity at the optimum.

The design is started with an initial value of & as 0.5. After a design cycle (i.e.. scaling
the design to a feasible region and resizing the design using equation 20) if the objective
function increases from the previous iteration. then the o value is reduced adaptively. The

smaller a value avoids larger changes in the design when it is closer to the optimum and

gives a stable convergence. It acts like move limits on the design variables. The lowest value

¢,

« «

for a is taken as 0.001. If a becomes smaller than 0.001, then the resizing is terminated.

X

2. Secaling Procedure

LS
.

In the optimization scheme after each resizing. the design variables are normalized to

e B R
aVx'al &

have a maximum value of unity. The normalized design vector mayv not be acceptable.

"o
.
<, N . .- . . . . . .
i this ~caling it to the feasible region is essential, otherwise some of the constraints mav he
> 5 & \
o

: violated. This helps monitoring the progress of each design evele and also finding the active
;.

[

»
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constraints. At the end of each resizing the normalized design variables are multiplied by

a scaling factor A. and it is computed as follows:
The Rayleigh quotient for the jt# frequency at the current design is written as

: ¢§Kd>,
° 7 ot (M, + M,)o,

Y (21)

where ., is the unscaled frequency. By scaling the design variables by a factor A,. the

desired frequency w,q is obtained. Then the Rayleigh quotient becomes

A,0Ko,

wia = o3 (22)
% el (A, My + Mo,

In this equation, it is assumed that scaling the structural members by )\, implies that
K and M, are scaled in a similar way. This is certainly true in membrane elements and
needs modification for bending elements. The nonstructural mass M. does not depend

on the design variables. and hence it is not multiplied by A,. Equation 22 can be further

simplified to relate the desired frequency. w,q with the unscaled frequency. »,, as J
A
i = e (23)

—_— e
id Ay +4;, ¢

where n, is the ratio of the structural modal mass to the total modal mass and is given by

‘DS*M"OJ
m = Mo, (24)
o' Mo,
also.
o+ =1 (23)
Now the ratio r'l2 is defined as
)
, “w A
2 2d 7
== (26)
Toowl Aty q
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Then the scaling parameter corresponding to the jth frequency becomes

‘er] 2 -
i, [= 2y, for ryny < 1 (27)
J
and
\, = r? for r?nJ >1 (28)

One scaling parameter \, is computed for each constraint. and from these values one
value is selected based on the type of constraints. If there are all inequality constraints.
then A is selected such that the most violated constraint becomes active. If any one of
the constraints is an equality type, then the scaling parameter corresponding to that one
is used. This formulation handles only one equality constraint. and the rest have to be
inequality constraints. This is so, because after scaling more than one constraint can never
be made active unless it is a repeated frequency. Besides. if there are more than one equality
type constraint. there may not exist a feasible solution. Since the frequency constraints
are nonlinear functions of the design variables, repetition of the scaling procedure may be

necessary in some design cycles.

3. Role of the Lagrangian Multipliers/Active and Passive Constraints

The Lagrangian multipliers are computed by using simple approximations. Here the
A's are considered merely as weighting parameters, and they are computed as if there is

only one constraint.

The optimality condition for a single constraint is written as
eA=1 1=1.2,.,n (29)
<ubstituting e, = j\ in equation 15 gives:

n

1 - .
L/)XII{I = 4')""5 (30)
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where A takes the form

w'
A= - (31)
Yy,

and W represents weight of the structure. The j** Lagrangian multiplier corresponding to

the j* frequency constraint can be approximated as:

A = 154 (32)
1= T2/ 1\ -
\.«.']2(1 - 77])

It is evident from Eq. 32 that in the absence of nonstructural mass the value of the
Lagrangian multiplier becomes indefinite. The structure can not be optimized for frequency
constraints alone unless some nonstructural mass is associated with the system. As a
matter of fact, nonstructural mass is the major part Qf the total mass in most of the
aerospace structures. The nonstructural masses are due to aircraft engines, payloads.
actuators. hinges, etc. Optimization in the absence of nonstructural mass is only possible

when additional constraints such as static displacements or stresses are present.

The concept of active and passive constraints is crucial in the multiple frequency con-
straint problem. The active constraints are those within a certain percentage from their
respective limits. The remaining ones are passive constraints. The resizing formula (Eq.
20) uses the Lagrangian multipliers corresponding to the active constraints. The active and
passive constraints decision was made at the outset (after the first iteration) of the design
and no changes were made during rest of the design. The iteration was continued as long as
there was improvement in the design (reduction in weight, for example). It is worthwhile
pointing out some characteristics of the emerging designs during the iterations. If only
a single Lagrangian multiplier (corresponding to one active constraint) is participating in
the iteration, the weight of the structure reduces rapidly and the step size adjnstments
{er value) have to be made very early in the design. This happens because the inactive
frequencies tend to cluster toward the active frequency and mode switching can destroy

~tnoother convergence. However, by adjusting the value of «. the optimum design can be
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approached more smoothly. The price of reducing a is reflected in an increased number of
iterations. In the other extreme when the number of active constraints are more because
of the larger percentage specifications around the limiting values, then more Lagrangian
multipliers participate iﬁ the resizing. Iterations using more Lagrangian multipliers pro-
duce two interesting characteristics: first, the problem tends to be overconstrained, and the
resulting optimum corresponds to an upperbound solution. The second characteristic is
that the clustering of frequencies (at least among the active ones) is significantly reduced.
Also the inequality constraints stay away from the constraint boundary. The step size (a)
adjustments do not play a significant role, because the iteration converges quite smoothly.
The percentage value for finding the active constraints varies from problem to problem.

but usually within 3-10%7 from the constraint limit would be adequate.

4. Optimization Algorithm
An outline of the design optimization procedure is given as follows:
{1) The design starts with uniform sizes for all the design variables.

(1i) At the current design, the desired natural frequencies and the corresponding mode

shapes are calculated using the Sturm Sequence method.

(iii) The design variables are scaled to the constraint boundary in order to satisfv all the

behavior constraints. The Lagrangian multipliers are evaluated.

{iv) The Lagrangian energy is computed for each mode in each element. e,;A, is evaluated

for all the elements. The design variables are resized using equation 20.
(v) The design variables are normalized with the maximum value of the design variables.

Repeat steps (i1) to (v) until the set convergence requirements are satisfied. The steps (ii)
to (v) constitute one iteration. In Eq. 10. e,, can become negative for some elements. if
the nonstruetural mass is substantial. i.e.. the square of the natural frequency multiplied

by the modal kinetie energy is larger than the modal potential energy. In this case. the
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corresponding design variable takes its lower limit value and the e, contribution in Eq.
20 is zero. This creates aberrations and takes a few extra iterations in converging to the
optimal solution. So. whenever there is a substantial amount of nonstructural mass. it is 4
better to use only the modal potential energy for e,; in all the elements. This provides a
stable convergence in design optimization. All the problems solved in this work employed

just the modal potential energy because of substantial nonstructural mass.
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Numerical Results

® The effectiveness of the optimality algorithm is demonstrated by using a ten bar truss
(Fig. 1), a two hundred bar truss (Fig. 4), a modified ACOSS - II (Fig. 7) and a COFS
model (Fig. 10) as design examples. The emphasis here is in solving large scale structural

design problems with hundreds of design variables.

1. Ten bar truss

The structure shown in Fig. 1 is made up of aluminum with Young's modulus. 10° ps/
and weight density, 0.1 [b/in3. At each of the four free nodes 2.588 [b-sec?/in nonstructural
mass is added. One design variable was assigned to each structural element. At the initial
design. all the cross-sectional areas were 1.0 in? for each member. The design was scaled
by a factor of 9.5318 to obtain a 4000 lb initial weight. The lower limit on the design
variables was 0.1 in®.

Ref. 5 presents optimization studies with different fundamental frequency limits. In
this work, first the structure was designed with a higher order frequency constraint alone.

The structural weight was optimized with the second natural frequency constrained to six

different values. The second frequency was required to be 10, 15, 20. 25. 27.08 and 30 Hz
in six different cases. Ten design variables and one frequency constraint were considered.
Table 1 presents all the frequencies and the structural weight at the optimum design in
¢ all these cases. Table 2 gives the optimum design variables. The variation of the optimum
weight with the second frequency limits is shown in Fig. 2. From the results obtained. it

is clear that the optimality algorithm can be effectively used in designing structures with

NN S s Tk

a higher order frequency constraint.

=
R
AP 1.4

After this. the ten bar truss was designed with multiple frequency constratnts The

P

structural weight was minimized such that the fundamental. second and third frequencies

..
L)
e -

L]

were constrained. Tables 3 and 4 present the re<alts obtamed under different consrrant
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conditions. The first set was with »; = 7.0 Hz. the second with w; = 10.0, the third with
~1 = 7.0. and w, 215.0, the fourth with «; = 10.0, «y >15.0. the fifth with »; = 7.0.
«» 215.0, and «3 220.0. and finally all inequality constraints, «w; >3.5, w3 >10.0. and
~3 >214.0 Hz were considered. Table 3 gives all the frequencies at the initial and optimum
dsigns. and Table 4 consists of ail the design variables at the optimum. The iteration
history for &y > 3.5. »3 > 10.0, and .3 214.0 Hz is shown in Fig. 3. It took seven
iterations to reach the optimal solution. In the last three iterations there was not much
change in the objective function. As explained in earlier sections. at the most one equality

constraint was considered in any set and the rest were inequality types.

2. Two hundred bar truss

The two hundred bar truss was formulated by Venkayya. et. al. [13] for demonstrating
the computational efficiency of the optimality method in designing very large structures.
The structure shown in Fig. 4 has 77 nodes, 200 bar elements. and 150 degrees of free-
dom. At each of the 75 free nodes 0.5 [b-sec?/in nonstructural mass was considered. The
structure is made up of steel with Young's modulus. 30.0 x 10ps; and a weight density
of 0.283 [b/in?. 200 design variables were assigned to the 200 bar elements in structural
weight optimization. At the initial design all the cross-sectional areas were 10.0 in?. The

2. The initial weight of the structure was

lower limit on the design variables was 0.1 i/n
99634 [h. and the first five frequencies at the initial design were 2.87. 13.02. 13.72. 31.92.
and 37.68 Hz. First. the structure was designed with a fundamental frequency constraint.
Various fundamental frequency limits were considered starting from 2.0 to 8.0 Hz. Table
5 presents the first five frequencies and the optimum weight for different fundamental fre-
ueney Hmits. Fig. 5 shows the variation of the optimum weight as the frequency hmit
i~ increased. The structural weight increases very rapidly at the hugher frequency luns,

Bevond a cerrain frequency limit, it is not possible to design a practical strueture Nexr,

this touss was designed with two frequency constraints. oy = 3.0 Hz and o, >90 H, The
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optimum weight of 5226.5 1b. was obtained in seven iterations and the iteration history is
given in Fig. 6. The first five frequencies at the optimum were 3.0, 9.01. 9.41. 14.39. and
14.78 Hz. Also, the same structure was designed with w, = 4.0 Hz and wy; >10.0 Hz. The
optimum weight was 92;20.9 Ib. and the first five frequencies at the final design were 1.0.
10.0. 11.04, 14.46. and 15.78 Hz. In both the cases the second frequency constraint was
satisfied as if it was an equality constraint. The design variables at the optimum for both

the cases are given in Ref. 14.

3. Modified ACOSS - 11

The ACOSS (Active Control of Space Structures) model II was developed by the C.5S.
Draper Laboratory [15]. The structure consists of two subsystems: the optical support
structure and the equipment section, which are connected by springs at three points to
allow vibration isolation [Fig. 7]. In this work. ACOSS - II was modified to have only the
optical support structure, and it is fixed at the three springs locations. Also. a couple of
nodes were removed from the original model. The modified ACOSS - II consists of the
upper mirror support truss, the lower mirror support truss. and the metering truss. The
finite element model is shown in Fig. 8: it has 33 nodes and 113 truss elements. All the
elements are made up of graphite/epoxy with Young's modulus. 18.5 x 10%ps: and weight
density, 0.055 {b/in’. The lower limit on the design variables was 0.1 /n?. The initial

2

cross-sectional areas were taken as 10.0 in°. At the initial design the weight was 18709.3

[h and the first five frequencies were 1.21, 2.71. 4.21. 10.33. and 10.48 Hz.

The modified ACOSS - II was designed with 113 design variables under two different
sets of frequency constraints. In the first set, the structural weight was minimized such
that the fundamental frequency was equal to 2.0 Hz. The optimum weight was 11687

Ih and the first five frequencies were 2.00. 2.04. 2.39, 5.19. and 568 H:. The second

frequency is-very close to the fundamental t.equency. In the second set, the constraints
were o = 2.0 Hz and o > 3.0 Hz. The optimum weight was 11820.2 /b and the first fve
32-18
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frequencies were 2.00, 3.72. 4.46. 6.78, and 7.22 Hz. The structural weight was increased
by 133 (b (approximately 1%) to separate the second frequency from the fundamental one.
All the five frequencies were well separated. Fig. 9 shows the iteration history for this case.
A large reduction in the weight was obtained in the first four iterations, and afterwards
the reductions in weight were very small. Ref. 14 presents the design variable values at
the optimum. In this example. the second frequency tries to approach the first one very

rapidly. so both the Lagrangian multipliers were used throughout the optirnization.

4. COFS (Control of Flexible Structures) Model

The Mast Flight System [16] is composed of several subsystems. The primary structural
component is the beam assembly (Fig. 10) which is called the COFS model. The beam
cross section is triangular with the longerons located at the vertices of an equilateral
triangle. The truss structure repeats itself in two-bay segments. There are 27 two-bay
segments for a total of 54 bays. A typical two-bay segment of the truss structure is shown

in Fig. 11.

The structure consists of 489 truss elements thus 489 design variables were considered
in the design optimization. All the elements are made up of graphite/ epoxy with Young's
modulus, 18.5 x 10° psi and weight density 0.055 {/h/in}. The initial cross sectional areas
were taken as 1.0 2. and the lower limit on the design variables was 0.1 in?. The structural
weight was minimized such that the fundamental frequency was equal to 0.18 Hz. At the
initial design the weight was 1407.42 /b and the first five frequencies were 0.2038. 0.2058,
1.4570. 1.4570 and 3.6524 Hz. Fig. 12 gives the mode shapes corresponding to the first.
third and fifth frequencies. The second and fourth modes are similar to the first and third
respectively due to the syinmetry in the structure. The optimum weight was 258.35 /b, and
the fir<t four frequencies were 0.1800. 0.1802. 1.1068, and 1.1221 Hz. The second frequency

i~ not equal to the first one. and similarly the fourth one i« not equal to the third one. The

optituization algorithin ereated unsyminerry in the <structure. thus the repeated frequeney
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condition is eliminated. Most of the design variables reached their lower limit. and mostly
the longerons contributed to the weight. The bottom longerons are much stronger than

the top ones. The details of the optimum design are given in Ref. 14.
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Conclusions

In this research work the minimum weight design of structures with multiple frequency
constraints was obtained using an optimality method. A simple resizing scheme in conjunc-
tion with a scaling procedure has been used. Once again the optimality criterion method
has shown to be very efficient in designing large practical structures with a small number
of iterations. The number of design variables considered was very large. All the structures
contain nonstructural mass besides their own mass. Whenever the nonstructural mass is
<mailer compared to the structural mass. aberrations occurred in reaching the optimal
design. Also. if there were two frequencies very close to each other. the switching of modes
caused abrupt changes in the distribution of the variables. and hence caused oscillations

in the structural weight. It took a few iterations to get a stable convergence.
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Table 1 Ten Bar Truss

) Initial and Final Frequencies for a Specified Second Frequency (Hz)
Frequency Initial| w, = 10.0} w, = 15.0| w, = 20.0) w, = 25.0] w, = 27.08| w, = 30.0
) 2 2 2 2 2 2
No. Design
1 8.96 3.26 4.92 6.64 8.40 9.17 ’0.34
2 27.08 10.00 15.00 20.00 25.00 27.08 50.00
3 27.45 10.19 15.07 20.13 25.00 27.11 30.13
4 51.25 16.01 15.30 21.51 27.66 30.96 35.42
5 58.00 18.08 22.21 30.39 39.34 43.36 50.73
6 64.73 22.96 24.28 32.81 41.32 45.54 51.39
7 66.87 25.21 39.49 52.53 65.35 70.40 78.90
L 8 80.85 27.25 41.64 55.89 7G.49 76.84 87.71
Weight (1b) [4000.0 304.5 637.0 1251.5 2243.8 2865.9 4143.9
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Table 2 Ten Bar Truss

Optimum Design Variables (inz) for a Specified Second Frequency (Hz;

Frequency 10.0 15.0 20.0 25.0 27.08 30.0
Limit
Element No.
1 0.910 2.313 4.435 7.699 9.598 13.720
2 0.821 2.154 4.140 7.224 8.379 2.866
3 0.910 2.313 4.435 7.697 9.598 13.720
4 0.821 2.154 4.140 7.223 8.979 12.866
5 0.768 0.602 1.223 2.195 2.905 3.907
6 0.570 0.353 0.760 1.382 1.850 2.774
7 0.712 1.723 3.413 6.211 7.898 11.075
8 0.712 1.723 3.413 6.211 7.898 11.075
g 0.581 1.037 2.114 4.017 5.431 8.460
10 0.581 1.036 2.114 4.003 5.431 8.460
Weight (1b) 304.5 637.0 1251.5 2243.8 2865.9 4143.9
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Table 3 Ten Bar Truss

Initial and Final Frequencies (Hz) in Different Constraint Conditions

wy = 7.0 w2 3.5
Frequency |Initial | w = 7.0 | w, = 10.0} “1 ° 7.0 | wy = 10,00 5 150 wy 3 10.0
No. Design Wy 2 15.0 Wy 2 15.0 wg 2 20.0 oy 2 14.0

1 8.36 7.00 10.00 7.00 10.00 7.00 4.40

2 27.08 10.96 13.73 15.58 19.16 15.61 12.14

3 27.45 16.27 22.29 16.93 24.52 20.17 14.00

4 51.25 18.21 25.19 18.75 27.16 20.77 17.89

5 58.00 27.39 38.04 29.13 38.71 28.76 19.58

6 64.73 29.55 42.21 30.30 40.53 29.76 22.96

7 66.87 47.92 65.79 46.93 67.66 53.88 34.01

8 80.857 50.34 69.93 49.67 71.38 56.03 35.72
Weight (1b) {4000.0 1137.3 2614.0 1172.6 2736.3 1308.4 489.17
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Table 4 Ten Bar Truss

Optimum Design Variables (inz) in Different Constraint Conditions
=17.0 wy 2 3.5
Element |w, =7.0 |w =10 p = 7-0 [ w =10.0 > 15.0 | w, > 10.0
No. o 2 15.0 | wy > 15.0 > 20.0 | w, > 14.0
3 = 3 -
1 6.045 13,965 5.511 13.147 5.672 2.306
2 1.969 4.437 1.937 5.683 3.823 1.304
3 6.045 13.965 5.511 13.147 5.67¢ 2.306
q 1.969 4.437 1.937 5.683 3.823 1.304
5 0.100 0.100 0.207 0.488 0.646 0.639
6 0.100 0.100 0.414 0.517 0.321 0.557
7 3.206 7.579 3.616 9.093 4.191 1.029
8 3.206 7.579 3.616 9.093 4.191 1.029
9 2.226 5.009 2.414 4,110 1.604 0.800
10 2.226 5.009 2.414 4.110 1.604 0.800
Weight (lb)| 1137.3 2614.0 1172.6 2736.3 1308.4 489.17
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Table 5 Two Hundred Bar Truss
Initial and Final Five Frequencies (Hz) for a Specified
Fundamental Frequency

W w w w W Weight
1 2 3 4 ] (1b)
Initial Design 2.87 13.02 13.72 31.92 37.68 99634.0
Frequency Llimit
2.0 2.00 6.24 6.66 10.869 12.64 2365.7
3.0 3.00 8.19 8.92 13.67 13.81 5004.7
4.0 4.00 8.79 10.90 14.43 15.66 9198.4
5.0 5.00 11.24 12.71 15.13 17.17 16500.8
6.0 6.00 12.61 14.28 15.30 18.13 24830.86
7.0 7.00 13.33 15.86 16.90 19.65 38683.3
8.0 8.00 16.74 19.08 20.15 24.16 61186.7
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Fig. 12 Mode Shapes
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ABSTRACT

A study of the flow through a solid-fuel (75 % hydroxylterminated polybutadiene and
25 % cross-linked polystyrene) ramjet combustor is presented. The computations were
carried out using both the infinite reaction r2.e kinetic model and the global reaction rate

kinetic model. Also included in the study is the effect of an added mixing zone on the

combustion efficiency.
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1. INTRODUCTION

Solid-fuel ramjet has gained interest in the recent years as a propulsion device for
specific defense applications. As the use of this device receives increasing attention. it
becomes increasingly important to develop theoretical models to describe flow through the
various ramjet components: in particular, the complex flow through the dump (sudden-
expansion) type combustors. Theoretical studies of the combustor flow field. especia.iy the
parametric type. will lead to a better understanding of what goes on in the combustor.
and thus to a better design. The insight gained by these studies will also help in planning

the combustor test programs and in better understanding the test results.

Much of the analysis of SFRJ combustors in the past has dealt with correlating the
fuel regression data with mass flux through the combustor. A discussion of the various
correlation formulae is given in Ref. 1 (section 4.3.4). This reference also has a discussion of
the more recent formulae that include, guided by one-dimensional analysis. the dependance

of regression ratres on the chamber pressure and the combustor inlet air temperature.

Almost all of the two-dimensional calculations of the SFRJ combustor flow. up till
now. have been carried out by Netzer. and by Netzer in cooperation with others (see. {or
example. Refs. 2-3). These calculations were carried out by adapting the 2-D elliptic flon
codes developed by the Imperial College (6.7) to the SFRJ geometry. In Ref. 2 calculations
of combustor flow were carried out using vorticity and stream function as the dependent
variables. Radiation was neglected and fast chemical reaction (mixing limited combustion:
was assumed. The results of calculations were in good qualitative agreement with the
experimental data (also obtained by the author) for piexiglas. In Ref. 3 calculations were
repeated tor an all-hydrocarbon fuel. The regression rates were too low and were arbitrarih
increased by 30°7 to obtain a more realistic value of The blowing parameter A~ pointed
out by the aatnor, radiation plavs a dominant role in ali-hydrocarbon tues combostors,
and the nealect of radiation o his calealations was the reason for his low regression rates,

Stevenson and Netzer (1 repeated the calenlations of Rell 2 sing primve variabies,

.

the results were similar to those otarned carlier with the se of vortiatvas ream Dnetion
variabice, Metochianaki and Netzer 0 maod hied the carbier waork 00 toanesnde the effecrs

of radiation The armonnt of radiation < tchng She Saer nrbace denenden crane v onan

crnpliical corn T ahbear St toretion Ccar LAt e e e e e
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the results of their calculations with the experimental data. Results of the calculations.
carried out for plexiglas. were similar to those obtained earlier without the radiation effects.
As pointed out by the authors, radiation plays an unimportant role in combustors using

plexiglas fuel.

An interesting approach to the modeling of liquid-fuel dump ramjet combustors. called
“modular” modeling. is presented by Edelman. et.al. (8). The model makes use of the
modular concept. in which the combustor flow field is broken down into various interacting
components, each with its own distinct flow characteristics. This approach allows rapid
calculation of the combustor flow. thus making it feasible to conduct parametric studies.
Our approach to compute flow through the solid-fuel dump ramjet combustor. presented

in this report, is based on this modular concept.

Flow through the solid-fuel dump ramjet combustor is considered as made up of three

interacting flow regions. P, R1. and R2 as shown in the figure below.

g

=
= ——l P . - = —

N - o
RN T T T A R N

Regions R1 and R2 represent. respectively, the recirculating zones at the combustor i

mlet sten and the aft-fuel-grain ~tep. Region ' represents the rest of the combustor-

nozzle flow. Flow through region 1P s o directed flow and. thus, can he computed using

3

parabolic codes. Flow T regions BT and R2 need 1o he calculated either using elliptic

o

codes.or modeled cmpiricaily. The work presented in this report does not include regrons

'a'-\'- v
e

R1 and R2. Thus it models flow ondy through that partion of the combustor where the
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how the combustor efficiency is effected by the mixing zones that are appended to the

combustor.

° In section II is given the basic intoductory information. This section includes infor-
mation about the computational method. the solid fuel and its properties. the combustor
geometry, and the defination of some basic terms used in this report.

The Ramjet Technology Branch, PORT. of AFWAL Aero Propulsion Laboratory has
an active research and development program in the area of solid-fuel ramjet combustors
(see. for example, Refs.9, 10). The present work is conducted to provide theoretical support
to the PORT’s exerimental efforts.
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II. INTRODUCTORY INFORMATION

COMPUTATIONAL METHOD:

All the computations were carried out using a modified version of the computer code
given in Refs.11 and 12. The original code computes the mass. momentum. and energy
transport of a single species for two-dimensional 'parabolic’ {(boundary layer type) turbu-
lent flows without any chemical reaction. The code was modified,

(i) to compute the transport of four species; N2, 02, Fuel, and the combustion products.
(i1) to include chemical reaction: two kinds of chemical reaction models were used. (1)
infinite reaction rate, and (2) global finite reaction rate.

(iif) to incorporate fuel evaporation from the surface; the rate of of fuel evaporation from

the surface, m,, was calculted from the equation,

where Q is the heat transfered to the fuel grain surface and & is defined later on. All the
wall fluxes {mass. momentum. and energy) were corrected to take into account the effect
of mass addition (blowing) from the surface.

The computations were carried out using 21 streamlines (grid points normal to the

flow) and an axial integration step equal to one-tenth of the combustor diameter.

FUEL AND ITS PROPERTIES:

The solid fuel and its properties used in the computaions were as follows:
Fuel: 757 Hydroxylterminated polybutadiene (HTPB) &
25" crosslinked polystyrene (CLPS),

Heat of combustion 15,760 kJ kg.
Stoichiometric Air Fuel ratio 13,31,
Dk, LT60 K ke

where by s the Jatent heat of evaporation and » s the enthalpy needed to heat the
fiel srain to the specified wall remperature.

These fuel properties were supplicd by PORT and are vory close to those given in Ret.

il anle 22000
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COMBUSTOR GEOMETRY AND FLOW PARAMETERS:

All the computations, except those given in section V1. were carried out for flow through

a 10 cm port diameter combustor [see the figure below).

‘O CWAS —_— ‘:\DW

¥

* - - p ~
I&-‘\‘:{' rREUEBL AL e TS P R SO &

{ Co—
I Cou X

The flow was started with the following parameters.

Velocity = 170 M/s

Temperature = 1200 K

Pressure = 7 atm.

Fuel wall temperature - 980 K.

In all our calculations. we used ideal gas law. fixed constant pressure specific heat equal
to 1.33% kJ kg-C {air at 2000 K), and both Prandt] and Schmidt numbers equal to one for
all the species. The combustor geometry and the starting values of the flow parameters

were selected to simulate the experimental conditions of Schadow et. al. (Rel.13).

DEFINATIONS OF SOME BASIC TERMS USED IN THE REPORT

Combustion Efficieney: Combustion efliciency at an axial location - s defined g

Mo
\’r(f’

ny(r)

where Af, s the rate (in kg st oat which the fuel is evaporating from the begiming ot s he

combustor apto the axial location o and o< the Has S kg =3 of the anbarrpr Coe
the axial focation 0 Note il there was no combuastion at ol - 0wl e vgoed tao s
and e combntion eflicienoy o defined above wall be seran
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Radial Flame Location: Radial flame location is defined by the position of maximum

in the radial temperature distribution.
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. III. INFINITE REACTION RATE COMPUTATIONS

.
o

A During this set of computations the combustion was considered to be mixing limited
::: with a simmple one-step chemical reaction (infinite reaction rate kinetic model). Thus. I kg
-: of fuel and r kg of 0 (r is the stoichiometric ratio of 0. mass to fuel mass) produced (1-r)
\ kg of combustion produts. and fuel and oxygen could not co-exist.

. Results of the computation of the combustion efficiency as a function of the axial
; ) distance are shown in Fig.l. The solid curve shows the actual computed results and the
- dotted curve is a smooth approximation to it. We note that the combustion is diffusion
o * limited. The axial distance is shown normalized by the combustor diameter. However.
since the radial diffusion transport of the fuel and the oxygen is not scaled linearily with
the radial distance. these results may not apply to a combustor of different size diameter.
; The wiggles in the computed results are due to the finite grid size normal to the flow
i~ direction. Within a given grid celi there is complete mixing and. thus. there is no diffusion
. limitation on the combustion. Figure 2 shows the effect of the grid size normal to the
N flow on computed combustion efficiency. We note that reducing the grid size reduces the
Y
{ wavelength and the amplitude of the wiggles.

N In Fig.3 are shown the computed radial variations of temperature. 0. and the fuel at
-': an axial distance of 62 cms from the start of the calculations. These distributions are
,' what one would expect with & one-step chemical reaction model. Theyv are in qualitstive
= agreement with the experimental data. The predicted flame temperature of 4000 K s
5: much too high compared with the experimental value (Ref.13) of approximately 2500 K.
":: The predicted flame temperature is close to the local adiabatic flame temperature. Also
.. shown in this figure is the flame temperature caleulated with the heat of reaction reduced

.

artificially by 25'7.
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IV. FINITE REACTION RATE COMPUTATIONS

Detailed reaction mechanisms have been so far developed and tested for only a limited
number of relatively simple fuels such as: H, CO.CH,, CH,O0H, C,H,, C:H;. The present
state of art is far from poroviding a detailed finite reaction model for the kind of fuel used
in the present study (Hydroxyl-terminated polybutadiene - C:3H,,50). For complex fuels
in the parafin family Edelman and Fortune have developed a quasi-global reaction rate

model. This model uses for the first step the chemical reaction,
CoHu = 202 = 2 Hy + 0 CO,

and, from there on uses the detailed reaction mechanisms for #> and CO (along with O
and .V, of the combustion air).

In the present study a global reaction rate model was used. A general form of the
global reaction rate model is given by,

ac;

= —A 'T I sy —{E/RT)
S - afteTy O O

t 1A

where C'r and (.., are molar concentrations of fuel and O,. 4.a,, and a, are constants:
f" a function of pressure and temperature; and, (E/R) the activation energy. All the
coefficients appearing in the global reaction rate model are determined empirically. All
our attempts (literature survey and private comunications) to obtain information about
these coeeficients (or of some simpler global reaction rate model) for the fuel used in the
present study were fruitless. Thus, the computations were carried out with the simplest
version of the global reaction rate model, i.e., with f{(p.T) = 2, = 22 = 1. With the mole
fractions 'y and (.., converted into mass fractions. X, and X ... the global reaction rate
model used in the present study is given by,

ny

U U S o
i AX N

Since A and F oare still unknown . the computations were carried out with A and F R as
paramecters. For a given value of Ii/R, A was varied from a high value where the finite

reaction rate results were almost same as the infinite reaction rates results, to a low value

below which there was no combustion. The results obtained for different values of 12 R
_;: were qualitatively similar, Thus,we have presented the resalts anly for 19 R 10.000.
st
"o
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't:-: In Fig.4 is shown the combustion efficiency, 5., as a function of the axial distance, z.

( for E’'R = 10.000 and for A = 10", 10°, and 3 » 10°. For A greater than 10" the results

o were very close to those obtained with the the infinite reaction rate model. And. for A

% ‘-l - . . .

- less than 3 « 10° there was practically no combustion. From Fig.4 we note that for small

values of z. n is higher for higher values of A, as expected. However. for large values of

\ z. v, approaches roughly the same value for all values of A. This limiting value is close to
the one obtained with the infinite reaction rate model. This implies that for large axial
distances the combustion is diffusion limited.

, In Fig.5 is shown the radial distribution of temperature at the axial distance r - 1.02
o meters from the start. The curve for the case A = 107 was too close to the infinite reaction
.::'_‘. rate curve. and therefore is not shown. From this figure we note that as A decreases the
:}: flame temperature decreases and the flame becomes broader. For A = 3 < 10" the predicted
" . .

Py flame temperature is comparable to the observed experimental value (Ref.13).
- . . . . . . . .
:-\; In Fig.6 is shown the axial variation of the radial location of the flame. Once again

N
el - . . . .
-~ we note that for A = 107 the global reaction rate model approaches the infinite reaction
"

l‘ 1 . . .

. rate modei. From this figure we also note that penetration of the flame into the core flow
{ decreases as A decreases.
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V. EFFECT OF AN ADDED MIXING ZONE

In the previous section we have seen how the combustion is limited by diffusion. It is of ﬁ
some interest to investigate how the unburnt fuel {accumulated adjacent to the fuel grain;
will diffuse and burn if the combustor was extended bevond the end of the fuel grain: that
is. it we were to add a mixing zone to the combustor.

In this section we have studied the combustion efficiency of a combustor with mixing
zones of various lengths added to it. The computations were carried out by modifyving
the code so that beyond a specified axial distance the fuel evaporation rate was set equal
to zero. The radius of the mixing zone was set equal to the combustor radius: and. thus ﬂ
there is no step expansion. The figure below shows the geometry of the combustor with a

nuxing zone.
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solid curve are for cases (i1} and (iii). respectively. From these figures we note that the
combustion efficiency increases in the mixing zone rather rapidly for short combustors
followed by mixing zones (case (i) indicated abovel: but it rises more gradually for long
combustors followed by a mixing zone.
Calculations were repeated this time using global finite reaction rate model with 4

s 10 and E R o= 1ooooo. The results are shown in Fig.®. Comparing these results with
those given in Fig. 7. we note that the rise of combustion efticiency in the mixing zone
markedly slows down when the reaction proceeds at a finite rate. An interesting point 1o
note in Fig X is that the curve marked 1 never reaches 1007 but flattens out at about w7
A look at the radial temperature outputs revealed that this Hattening out of the » curve

s assocrated with the flame having practically gone out.
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VI EFFECT OF COMBUSTOR PORT DIAMETER

All the computations presented so fur were for a combustor with a port d.ameter ot 10

cms. The results of these commitations were presented with the aviar distance - nomalized
' |

by ¢ the combustor port dicncter Hovever, since the combustion i~ diffusion Smited s

.. To study now the aval variation of the combustor ethoenoy i~ effecred

not scaled by -
by the port diameter. calcu.ations were carried out with port diameter set eqia: to 5o
All the other variables (iniet velocnty, pijer temperature. Duelo et were ket sanie as o
resats of these comp tatons s

the previous computations [In Fig.9 are shown th
the nfinite reaction rate mode. Thev are compared woh the resuts for the Themes pore
diameter combustor. Fig 19 compares the resuits for 7 crms and 10 cris bors Giaresor
combustors using globa tinite reacion rate model, From both the Frgeos oo

what was expected. *hat 1he axial varation of the combison ethoermoy o~ o
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[+~ ABSTRACT
=
iy
& This report identifies and evaluates automated image processing
8T techniques for the segmentation of Landsat Thematic Mapper data
. for a set of earth surface conditions of interest to the U. S.
N Afir Force. A review of basic techniques and developments in
. 4
L image processing strategies is included as is documentation on
Zﬁ: the existing and anticipated operational global earth surface
:: spaceborne remote sensing systems.
5".‘
..'_:.
o
- For each of the conditions of interest, a review of previous
NI segmentation activities, a consideration of signature extension
: 1
— possibilities and suggested strategles for successful automated
o image processing techniques is presented. In addition,
-

w0 appropriate Thematic Mapper data and associated ancillary
information which include the conditions of interest are

. identified.
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INTRODUCTION

Current, reliable information on conditions at the earth’s

surface are necessary for many U. S. Air Force activities. Those
conditions may be dynamic or static and may include such features
as population density, land use or cover, topography,
transportation networks and soil parameters. Information on those
features are i{important for Air Force navigation, reconnaissance

and intelligence interests.

One tool of increasing importance in obtaining earth surface
information Is remote sensing. Remote sensing has recently been
expanded greatly by the use of new platforms such as earth
orbiting satellites and the Shuttle Missions to acquire
information; the use of sensors in more portions and combinations
of the electromagnetic spectrum such as active microwave, thermal
infrared and multispectral scanners; and the incorporation of

computers in the handling and prccessing of remotely sensed data.

Because of the potential need by the Air Force for information at
essentially any point on the surface of the earth, it is
important to determine what utility can be made of data from
operational, ongoing, essentially global spaceborne remote
sensing systems. The data most suitable for this need are fronm

the Thematic Mapper (TM) sensor of the Landsat series of




I
P
’

)
.

- ow om
a’a
Y A
PUE .

N
ot S A

»

dww.”,
r
A
Ml

.A' “‘l

Il
A4

o
-
v

- .
v 2 T A #
. R I A 2 .
® Lt
. '-“*- s, 'l-'('allx'x'.'. '
EMOR T RN R A '

W

St
»

satellites. TM is a seven band multispectral scanner with 30 m

spatlial resolution collecting data at a sixteen day repeat cycle

for all areas between 81 degrees north and south latitude.

Because the informational needs of the Air Force may require a
short response time and must be very accurate, automated computer
Image processing techniques may be the best methodology to obtain
the necessary information. This study has identifed and
evaluated the application of various automated image processing
techniques applied to TM data for segmentation of a specific set
of earth surface conditions of interest to the Air Force. The

set of conditions is listed in Table 1.

Section 2 of this report briefly reviews some of the basic image
processing strateglies important in remote sensing of earth
surface features. This review includes various signature
extraction techniques, both per pixel and contextural, and
strategies incorporating multitemporal, multisensor and ancillary
data sets. The concept of ancillary data is extended to the
development and utilization of geographic i{nformation systems
(GIS). In additlion, the possible use of expert systems or

artificial intelligence in image processing is considered.

Section 3 documents the orbiting parameters and sensor and data
characteristics of the Landsat based TM sensor. Other current or
planned spaceborne sensing systems which meet the requirements of
operational and near-global coverage are also presented. These

systems include the older Landsat based Multispectra. 3canner




. (MS3), the new French Systeme Probatolre d’Cbservation de la
Terre (SPOT), the NOAA based Advanced Very High Resolution
Radiometer (AVHRR) and future developments of the Landsat and

SPOT series of spaceborne sensors.

TABLE 1. SURFACE CONDITIONS TO BE EVALUATED

- PHYSIQGRAPHIC

& Slope

u ® Surface roughness

-

3 Streanms

v} Lakes and reservolirs
f Wetlands

f Snow accumulation

L. Boundary demarcations
i’ (walls, fences, hedgerows)

®

. Loose soil

2

. Sand

o Ccastal beaches
. YEGETATIVE

t Pasture

-

> Mixed cropland

¢ .

S Brush

2
S Forest (evergreen, mixed, deciduous)
I Height and density of vegetation
|

- Orchards

. .

- Agriculture

., Wildlife habitat®
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Section 4 assesses the likelihood of sucessfully delineating the

conditlions in Table | using automated Image processing technliques
applied to TM data. This section includes an extensive review of
previous attempts to identify these features as presented in the
open literature and when appropriate, ldentiflies the most
successful techniques or suggests new strategles. Problems of
both temporal and spatial signature extension difficulties due to
climatic and site factors are presented for selected conditions.
Section 5 is a summary of the possible success of automated image
processing by parameter of interest and suggests future research

efforts.

Appendix | identifies TM data sets for geographic locations in
the United States which contain combinations of the parameters of
interest. In addition to the availability and quality of TM and
MSS data for those sites, appropriate ancillary data which would
be useful in developing processing strategies or assessing the
accuracies of processing results are documented. These ancillary
data include topographic maps, land use and land cover maps or

digital data, diglital elevation data and aerial photography.

There were several assumptions or limitations made based on

requirements of the Air Force which were considered in this

study. Tne <f these was the poss.bie need for data on a near
J.oba. bas:s. This (:mi"ed *he range 3f possible sensing systems
whizn =71.4 be evalgated. A sec-ond assumptlion was the
L33 B ity ot aeed ny datq o 4 near rea. o ome £asis. n
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actuallty this !s a very dlfficult constraint with exlsting
systems as currently configured. However, this constraint may be
ameliorated by the use of the existing archive of data and

selecting data within the climatic time frame of interest.

It was also assumed that there would be some limits on the
availability of ancillary data for many areas of possible
interest and that traditional methods of field checking for
training site selection or cluster signature identification may
not be possible. Finally, it was determined that the spatial
domain of typical interest would be on the order of 25 km per

side.
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IMAGE PROCESSING

Image processing technigues for remotely sensed digital data can
be divided into two basic areas. First is image enhancement
which !s simply a range of data manipulations, both geometric and
radiometric, to provide an image product which can be more
easily, rapidly, and accurately interpreted by an analyst. Some
of the commonly employed image enhancement techniques include

edge enhancement, density stretching, and scale matching.

The second method of image processing, and the focus of this
study, is data classification. These techniques involve using a
computer to examine or manipulate the digital data using a
variety of algorithms to eventually classify the data, usually on
a pixel by pixel basis, into themes or categories of interest
such as land cover or occasionally land use. While image
anhancement assists a human itnterpreter, image classification Iis
more generally viewed as data manipulatton wlthout a human
interface. while removing tne human component in classification d
5 frequently the goal of artificial intelligence or exper:

systems, Image classi{fication as !t |s currently ut!lized

inciides 3 s:gn:fi~an*t 3amount of human nteract:.on. Apn impecrtant
153ue n .nafarmat.on extrict.on from remotely sensed data s the

re . a%.ve AIMouUnT oS¢ man=-mach.ne n*er3ctiocon. The

‘s

effars Wwas 7 eva_.uate Jair . .Ls 3atomated image Tl3ass:ificat.on
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techniques with extremely limited human interface for the

specified list of parameters. For most of those parameters,
image enhancement techniques for analyst interpretation may be
equally or more effective than classification. The purpose of
this section is to briefly review some of the techniques,

problems, and developments in automated image classification.

2.1 SIGNATURE EXTRACTION

The traditional techniques of image classification depend upon
the use of multispectral digital information and the concept of
unigue spectral signatures. The basic premise is that features

of interest will have unique spectral signatures and that a
computer can be trained to recognize those signatures and then
classify the digital data. Initially in the development of
classification techniques, spectral signatures were collected in
the field or laboratory for matching with the digital values
collected by remote sensors. This technigque was generally
ineffective for a variety of reasons including comp.exities =2¢
the energy flow profile. Curren-ly most spectral signatu.res are
obtained or extracted from *the remc-aly ze--ad 33ty T1e s oS
either supervised on unsuperv:zed me-n>ds gr.cr °o

ciassification.

Cne me-hod »~f signature ex-raction (s supervised >r *ri.n.n3
fileld selection. This assumes *the ana.yst can .dent.:y ~ne =or
more homogene~us areas ~f the features or [a3anid —-2verc ¢ nteraz:

Wwithin *he da%a >r image -e". The “omputer o tren e ccadg o
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tnose *training sites and caiculiates the digital statistizs wh.zn
are considered to be the spectra. signature for that -hneme. Trho:

mecnnigue relies upon the ability to identify rellable tra:n.ng

w

ites either by ancillary data or field visits. For many areas
cf potential interest to the Ailr Force, the ability to ident.fy
training sites may be difficult because of limited access or

ancillary data.

A second method of signature extraction is unsupervised or
clustering. This technique does not rely initially on ground
information. Computer based algorithms are employed which based
upcn & statistical sampling of the image data, grcup the pixels
into spectrally similar clusters. It is assumed that these
clusters are representative spectral signatures for unique
surface land covers. The task of the analyst then becomes one of !
assigning the proper land cover to each cluster signature. This \
zan sometimes be done based on recognizable reflectance curves
zich 31X Water, jreen vegetation, and bare soil or some kacwledge
2¢ <re surface conditions. Frequently, a combination of
sugpervised and unsupervised methods of signature extraction are

ccabined in hybrid signature extraction prior to classificaticn. {

A significant problem in classification directly related
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prch.em .3 tnhe 3J:fference between _.and cover and land Jse.

2%z2mated :mage c.assiflcaticn c3n generally delineate land

zovers sJdch as grass or forest but net lard use sJiZn 3as .3 ne
fcrest being used as timber or recreation. It is the inferen~ a.
ability of “he image analyst to i{ncorpgorate more than simp.y the
tona. or digital values available for automated image
ciassification which allows the determination of land use in

addition to land cover.

This categorization problem is evident within this study where
some of the conditions of interest, such as pasture, are land use
categories which can more easily be delineated by an analyst and
image enhancement and not a land cover such as grass recognizable
by automated classification. Classes used by an analyst cannot
always be extended to automated classification; this problem may

necessitate a new classification systenm.

2.2 CLASSIFICATICN

Afver 3 reascnable set of signatures are extracted fcr the da:ta
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c.as3.f.z3at.2n system emp.cved.

Frequen<.y in classification, the output prodoctz 3re

[ 4

ical information, such 3as the number -f necZ<are

stat:.s

cor deciduous fcrest, or as mapped informatiocn. Arv s

product should be assessed for accuracy wnich may fe d.¢

depending on the ablllity to have "truth” against wnicn
determine the accuracy. It is more difficult to achie
accuracy than statistical accuracy. With mapped ocutpu
generally employed a smoothing or filtering algorithnm

generalize the information into more useful and ident|
units. This study is to obtain mapped information. F
areas of interest to the Air Force, it may be difficul

the map accuracy because of the lack of ground truth.

2.3 DATA SELECTION

A significant issue in classification is what input da
utilize. This includes common parameters as seasonali
sca.e considerations, amount and type of preprocessing
pcssible data transformations. For multispectra3. data
sometimes advisable to only select certain avai.able b

reduce *he complexi®y of data manipu.ations. A zo=mmeon

telect:icn techngue (s transformed divergence =
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~rhe feature separaticn des.red. With the ava..ab:..%vy 2
in many regions o9f the electromagnetic sgectrum
attempts to spatially register data frcom different senscrs fcor
classiflication. This has been done with multispectral scanner

data such as MSS or TM and radar.

Because of problems associated with per pixel classification,
there have been numerous suggestions to incorporate contextural
or texture information in classification strategies. Visual
interpretation of remotely sensed images relies on pattern and
association. However, typically with per pixel automated
classiflication, the only lnputs are the reflectance or emittance
values for each pixel. There are many land covers which might be
more easily identified if contextural information, the
relationship of one pixel to its neighbors, could be utilized in

automated classification. Various texture measures based on

5

digital valiue changes from pixel to pixel have been utilized as

input data values in signature extraction 3and classification.

Anctner gznssib Y T2 lncrease <1355 5iC3a%T.o0 3sZcCuracy 500
nTorgnrite other tyreo Tnoan: ary 13t toeleyatinn, Sre

——T

|




R Y

y-iA

LA

-l .’ r‘ .

P M)

" Y e Y
PR R S )

T am

l"’.r

e

-
B e

o}
v Te e e e

1

¥

Pl

[
v
-
i
!
[y
(0
<)

I D Yol A )

W

lase . f.C-av.2n proress.  For example, freguently two forest t

'S

=3V I Te 3recTra..y sega

2. e 3% . o I elevation information are Known, they can be

'
s
wn
v

LS
W
'S
w

ion.  This may be part of a hierarchical

)
w
2]
[
W
@)
"
%]
w
(]

cl3assifizaticn strategy.

©vpes 3re xnown and can be assigned

Zn pixe., they can be (ncorporated in the

A

Yyrees

able but they may occur at differen=t
used

te tne forest class into separate types after initial

The incorpcration of ancillary information with remotely sensed

raw data values or classified theme information is essentiall
the construction of a geographic information system (GIS3).
GIS historically was and still may be a set of scale and

projection matched thematic maps for an region cn transparen:

material so that they can be overlaid to produce new mags. Vo

frequently, a GIS is computer based and can be an extre-e -
powerful tocl for many applications. In the contex:t :: -
study, a GIS may be a method to increase clasz:?: i

or to use remotely sensed classificaticn res.. -

"

information collection or analysis effcor:

2.4 SIGNATURE CCNFUSICN

Y

a




UNITED STATES AIR FORCE RESERRCN INITIRTIOI PROGRRN 2714
1985 TECHNICAL REPORT VOLUME 2(U)> UNIVERSAL ENERGY
SYSTEMS INC DAYTON OH R C DRR AH APR 87
UNCLRSSIFIED RFOSR -TR-87-1718 F436208-85-0-8813 F/G 15/3

x
-




RARAGAL DS BA
!k“»‘t':‘l.fi".‘ \'.t."‘é‘ . "l

"

EE

EEEE
=

N Wgo

o (%)

w

———
—

ll2=

;rrFFF
re

I A
b

B2 s des




mixed pizxels, too unique signatures or not sufficlently unique

signatures.

o
%)
’l
3
¢
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Mixed pizels are non-homogeneous pixels where there are several
land covers or features within each pixel. In some cases this is
a function of too small a spatial resolution and in others, the
complexity of the natural or cultural environment. Complex
natural environments may be transitional areas between
ecosystems. Cultural complexity is typified by most tropical
agricultural areas where the field sizes are very small, there is
a highly overlapping crop calender and a mixture of crops within
fields by intercropping. It is arguable as to how beneficial
smaller spatial resolution data may be in solving this problenm.
Smaller resolution data rapidly increases data handling problems
and in some areas, may create too many signatures. Certainly in
extremely heterogeneous areas, smaller pixel size will not be an
asset in automated classification but it will be an asset for

image enhancement and interpretation.

Too unique a spectral signature occurs when a feature of interest
produces many different signatures. For example, fields of corn
many have many different signatures as a function of soil type,

stage of development, moisture availability, topographic slope or
orientation, and row compass orientation among others. It is not
expected that there will only be one signature per classification

theme but there is a threshold of too many signatures.

Slgnatures which are not sufficlently unique frequently occur

34-14
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gkz among vegetation types which can not be separated based upon the
&§: available spectral information. Sometimes this can be resolved
m@f by; 1) a different date of data or multitemporal processing, 2)
SR

fﬁ& incorporation of ancillary data and a hierarchical classification

NS strategy, 3) the collection of more spectral bands, or 4)

)
}$ﬁ multisensor data sets.
£t
Ot .
,‘;‘.l‘
Yot
K08
N A significant problem with image classification is temporal and
QF spatial signature extension. Signatures obtained from one data
H
ﬁ&! set may very likely not be usable in another data set collected
I
'?w‘ for the same geographic area at a different time (temporal

X

L

o extension) on for a different geographic area (spatial
A6
«;; extension). The reasons for these difficulties are due to both
heed
gt{ changes in the surface conditions or changes within other
5mq portions of the energy flow profile.
K ¢t
)
;‘9.."

DO
t '...l

)
3§& Changes in surface conditions may be a function of seasonal
;%w vegetation phenology, moisture changes due to precipitation
;"l i
v%p3 events or cultural activities such as crop harvesting,
LS
(R
:%:? deforestation or grassland burning. Energy flow profile changes
". may include different sun angles or sensor direction or more
[t

‘;Z likely, atmospheric changes. There are various strategies, such ‘
.', N {
.;} as atmospheric modeling which are usually extremely complex and |
T :
“?' rely upon a variety of ancillary information, to compensate for
Eéf signature extension problems. These strategies have varied ;
NG |
Qk& degrees of success. There are no universal ways to resolve these
A
s difficulties and in an operational context, such as is being
D) I
{2 |
"
..l. »
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considered in this study, it may be advisable not to depend on
signature extension but rather consider each data set

independently.
2.5 ARTIFICIAL INTELLIGENCE

Artificlal intelligence (AI) is an aspect of computer sclience of
considerable current interest and potential which may have
applicability to remote sensing. Artificial intelligence can be
defined as that part of computer science concerned with symbol
manipulation processes that produce intelligent action.
Intelligent action is a decision making and implementation
process that is goal oriented and based upon a logical reasoning
path. A general knowledge base is expected to guide this
reasoning process. The basic problem when attempting to
implement AI is the exact form of the computer input/output (I/0)
and internal data structures. The nature of human reasoning and
memory is not perfectly understood and thus it is impossible for

a programmer to write computer code that emulates human thinking.

The re'ationships betwen Al and its various subfields such as
natural language processing and expert systems are not clearly
understood. Natural language processing allows the machine to
accept queries and deliver responses in ordinary, or close to
ordinary, English. This removes the necessity, of having to
translate commands, questions, and database information into a
programming language and thus greatly reduces programming time.

Natural language processing is far from perfected. Operational

34-16
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systems do exist, but the operator must use a limited vocabulary

list and closely adhere to a simplistic grammar structure. The
problem of word context and subtle implications so pervasive in
English language use has yet to be dealt with in a robust manner.
Natural language interfaces work well in a constrained universe
where all concepts (as expressed by words) and all relationships
(as expressed by grammar) are limited and can be well defined.

In image Interpretation, this ability to precisely define all

possible conditions does not currently exist.

Expert systems codify human experience in a set of rules that can
be followed by a computer. Classically, this is done by
extensively debriefing a human expert, and constructing a
computer program for use by a non-expert. This program
"interrogates” the non-expert, prompting him with a branching
series of questions. These qQuestions lead the program logic
through the path of rules from the expert’s knowledge base. As
with natural language interfacing, expert systems work well in a
closed universe where all possible condltions can be accounted

for in a branching rule based logical structure.

A primary problem with expert system construction is data
acquisition and structuring. This is the establishment of a
database structure that |s simple enough to be queried, yet
complex enough to utilize all the interlocking rules of thumb as
set out by the expert. The exact method of debriefing the expert

has been found to affect the final expert system to a significant

3417




degree. A problem with this debriefing is that the computer
programmer involved in constructing the expert system must be
competent in the subject material as well. Special computer
languages have been written to make this task easier such as

Prolog and Lisp.

Computers are capable of making near instantaneous decisions when
sufficient evidence s present to make a logically clear cut
decision. Humans are able to make probabalistic decisions based
on fragmentary evidence. Slight indications that a condition {s
true may sum up to a definite conclusion on the part of the human
expert. At the same time, these indlications (evidence) may be
meaningless if considered individually. The ability of humans to
make decisions in this way is often called “"fuzzy logic®, or
"fuzzy set theory". Problems in this realm may have several
partial solutions or multiple ways to arrive at a single solution
that is probably correct. The logical structure of such decision
rules is currently imperfectly understcod and cannot be performed

by a computer.

Human experts also learn throughout a problem. After solving (or
even failing to solve) a problem, humans are more able to examine
a more difflcult problem. This concept of self~teaching through

problem solving is called heuristic reasoning. At the present

time, computers do not possess this ability.

o e

Automated image understanding Is an advanced Al function

important in many disciplines. It is considered a vital
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objective in national defense research where the speed of new
weapons systems does not allow sufficient time for human response

to potential threats. Currently, image understanding (or
interpretation) is still in a very basic research mode. In the
defense community, there |s extensive work on the automated
recognition of aircraft and missles. These shapes are
graphically “primitive”; they can be decomposed into simple
squares, cones, and clrcles. This has been a requirement for
machine recognition of objects. The object must be able to be
described mathematically so that an image can be compared with a

mathematical “"template”.

In remote sensing of the natural world, this mathematical
description is virtually impossible because of the diversity in
form and type of materials. This can be readily seen in the
signature extension problem. The extension of spectral
signatures developed for one geographical area into another has
not been very successful. Ground truth must be established for
the new area before accurate classification can take place. This f
is a result of the great diversity of the earths cover and that

very few places on earth are identical. If the climate is the i
same, then the elevation and vegetation are often different; if |
the elevation is the same, then the soil moisture is probably
different. All of these factors dramatically affect the spectral
reflectance of the terraln and severely limit the automated \

recognition of earth surface features or conditions.




Despite the great amount of dlscussion and prognostications
concerning the universal applicability of artificial intelligence
applications in image processing, there has been little
application of these techniques found in the literature of
environmental remote sensing. Although there is not a clearly
documented reascn for this trend, two factors can be identified:
1> SPEED. A large emphasis has been placed in Al development upon
processing speed; often, this is a stipulation of defense
applications. In remote sensing of the environment, there is
little need for real-time processing.

2) COST. The development of an operatlonal Al system is extremely
costly. Thousands of hours of time are required for specialists
to program every possible option and parameter into the machine.
This level of effort is not easily available in environmental

remote sensing.

There are possible applications of aspects of Al in automated
image processing for environmental conditions such as considered
in this study. Those applications will be most successful
initially in some combination of man-machine interaction where a
sequence of analysis keys will be considered for various

locations and ancillary information.
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8
5# The focus of thls study was to examine those remote sensing
;J‘ systems within the civilian sector providing data which might be
O
2
:" segmented to identify the specific features of interest. The
l“‘
! limitations on the data systems included being near-global, i
v operational or near-operational, and providing accessible data.
N
é? The primary systems of interest are the sensors of the United
'v' “
%. States Landsat series of satellites, the French SPOT satellite
T8 and the NOAA meteorological sensor AVHRR. The orbiting and
DS
R ; sensor characteristics of these systems are described in this
)
e section.
‘ 1
"y
o
Y 3.1 LANDSAT
e
'y
i
;ﬁ The primary operational spaceborne remote sensing systems for
1,
%r land surfaces have been the Landsat serles of satellites and
H .'
:xa assoclated sensors. The first of these satellites, the Earth
:_ Resources Technology Satellite | or ERTS | (which was renamed ﬂ
[} .:
j“: Landsat !), was launched by NASA in July, 1972. It contained a
3‘ four-band Multispectral Scanner (MSS) and a three-band Return
;?” Beam Vidicon (RBV) sensor. The RBV never collected a significant
" ]
’:: amount of data to be considered an operational sensor. Two other
L4 "-
njz satellites also carrying the MSS and RBV have been launched
e
- (Landsats 2 and 3, in 1975 and 1978, respectively) and have q
e
e
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successfully provided data for multiple earth resources purposes.

The modified RBV of Landsat 3 was a single band system of 40 m

L

° spatial resolution. Unlike the pr=avious RBV sensors, it did
function properly but the sensor was not included in latter

Landsats because it was replaced by improved sensors.

ol ek s

The second generation of Landsat satellites began with Landsat 4

-
-t - -

o

in 1982, followed by Landsat 5 in 1984. These satellites contain

-
- o

® the MSS and a new sensor called the Thematic Mapper (TM). The TM
is a more advanced scanner that provides improved spectral,

radiometric, and spatial resolution data than the MSS. The MSS

™ e a e

- ar

q and TM sensors are the systems of concentration in this study and

ﬂ particularly the TM because of its improved resolutions.

- .

g7 The General Electric Company has served as spacecraft

“\, manufacturers and system integrator for Landsat under the

- direction of NASA/GSFC. After launch and performance
verification, the responsibility for operation of Landsats 4 and
5 was changed form NASA to NOQAA. Commerciallzatlon of these and

4

?. future Landsats was accomplished under a contract agreement
r)

P beginning in September, 1985 between the Earth Observation

Satellite Company (EOSAT) and the U. S. Department of Commerce.

“ The Landsat satellites have near circular, repetitive, sun-
f synchronous polar orbits with descending nodal times of roughly

9:30 a. m. local sun time. Landsats !-3 are at a slightly higher
altitude (905 km) than Landsats 4 and 5, so they have a cycle of

ﬁ 251 orbits which repeat every 18 days, as compared with a 233-
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revolution and l6-day-repeat cycle for ‘he more recent
satellites. The Landsat 1-3 orbital coverage creeps westward by

one orbit swath each day providing adjacent coverage on
consecutive days, whereas adjacent coverage occurs every seven

or nine days with Landsats 4 and 5.

For Landsats 1-3, the distance between corresponding orbit paths
on consecutive days at the equator is 159 km. This results in a
swath overlap of !4 percent at the equator, for the nominal swath
of 185 km, with greater amounts of overlap at higher latitudes.
This consecutive-day coverage increases the possibility of cloud-
free coverage for sites In the overlap zones. Landsats 4 and S
have lesser amounts of overlap, e. g., seven percent at the

equator, on their adjacent (7/9 day interval) paths.

3.1.! MULTISPECTRAL SCANNER

The Multispectral Scanner (MSS) is a line scanning device which
ccntinually scans the Earth in a 185 km swath nominally
perpendicular to the orbital path. Scanning is accomplished by
an oscillating mirror; six lines are scanned simultaneously by
six detectors in each of the four different visible and near-
infrared spectral bands during each West-to-East mirror sweep,
On Landsat 3, a fifth (thermal) band was also scanned but its
data proved to be unreliable. MSS system characteristics are

summarized {n Table 2.
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The nadir resolution of the MSS is 79 ¥ 79 m for Landsats !-3 and

82 x 82 m for Landsats 4 and 5. The maximum scan angle of
Landsats 4 and 5 is slightly larger than that of Landsats 1-3, so

that the 18% km swath width is maintained from the lower

altitude.
TABLE 2. CHARACTERISTICS OF THE LANDSAT MSS
Landsats 1-3 2 Lapndsats 4-5
Spectral Band Pass Band 4: 0.5-0.6 Band 1: 0.5-0.6
(Nominal, micrometers) 5: 0.6~0.7 2: 0.6-0.7
6: 0.7-0.8 3: 0.7-0.8
7: 0.8-1.1 4: 0.8-1.1
Number of Detectors/Band 6 6
Altitude (km) 905 705
Nadir Footprint of 79x79 82x82
IFPOV (m)
Scan Angle (degrees) 5.78 7.46
Swath width (km) 185 185
Ground Sample spacing (m)
scan direction 57 57
line to line 79 57
Bits/Band (telemetered) 6 6
Levels/Band (CCT) 128 (bands 4,5,6) 128 (all bands)
64 (band 7)

MSS data are over-sampled at a rate that produces a 57 m ground
sample distance at nadir In the scan direction. The line-to-line
sample distance of 79 m is maintained for Landsats !-3.
Resampling s performed for geometrically corrected digital

tapes. For Landsats 4 and 5, a 57 x 87 m sample grid is
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produced, to make the data compatible with the 28.5 x 28.5 m
sample spacing of geometrically corrected Landsat TM data.

Cublic-convolution is the standard method used for resampling.

The Landsat MSS signals are quantized at the spacecraft into €4
levels (six bits) before being telemetered to the ground. A non-
linear function 1s used for the first three bands and a linear
function for the fourth. On the ground, the non-linear responses
are expanded (decompressed) onto a linear scale having 128
levels. Computer-compatible tapes (CCTs) produced for Landsats
1-3 before 1979 had levels 0-127 for the first three bands
(called bands 4,5 and 6), and levels 0-63 for the fourth (Band
7); after 1979, the fourth band also was expanded to the 0-127
range. Beginning with Landsat 4, the MSS bands were numbered 1l-

4, each spanning a 0-127 data range on CCTs.

Both relative and absolute radiometric calibration procedures are
applied to Landsat MSS data. These and other factors affect the
overall quality of the MSS data that are available to users.
Pre-launch and post-launch calibration procedures have been
employed for the Landsat MSS systems. There has been some
evolution in the post-launch procedures, as knowledge of system
characteristics increased and new problems were encountered. The
pre-launch procedure employed a large-aperture integrating-sphere
calibration source. [t was stepped through a representatlve
range of intenslities. The dynamic range of each channel was

determined and the least-responsive channel in each band (except {
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faulty detectors) was identified and used to establish the

dynamic range to be used for the calibrated output of the band.

Each MSS also has an internal calibration lamp which is viewed by
each detector through a variable-density filter. This produces a
calibration-wedge signal which 1Is sampled at several different
positions at the end of every other mirror sweep. Regression
coefficients are established during preflight calibrations, based

on individual channel responses to the calibration-wedge samples.

In post-launch ground processing of image data, the channel
responses to the calibration sources are used with the preflight
regression coefficients to compute individual channel gains and
offsets. These gains and offsets are computed every other scan
line and are filtered along the satellites track to smooth any
variation in the values (Thomas, 1975). The filtered gains and
offsets are then used with look-up tables to equalize the
responses of the individual detectors in each band, produce the
desired dynamic ranges, and radiometrically correct raw [mage
data values. Adjustments in dynamic range and/or equalizations
are made occaslonally during the satellite lifetimes through use

of additional multiplicative and additive modifiers.

These procedures produced variable consistency in removing
striping and banding artifacts from Landsat MS$® data. Therefore,
an additional step was added in the Landsat Multispectral Image
Processing System (MIPS) developed for Landsats 4 and 5. It is a

histogram calibration process which adjusts the channel gains and
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offsets so that, within each band, the channel means and standard

deviations become the same as the average band value (Alford and
Imhoff, 1985). Each Image is divided into segments with revised {
gain and offset values being determined for each segment. These
values are blended between segments before being applied, with

updates typically being made every 200 lines.

The radiometrically corrected digital values can be converted to
absolute radiance values through use of maximum and minimum ‘
radiance values, called Lmax and Lmin. Lmax is the radiance
value corresponding to the maximum number of video quantum levels
on the output CCT, while Lmin is the radiance value corresponding
to zero counts. Values for Lmax and Lmin differ from satellite
to satellite and from time to time for a given satellite. It is
important to note that the speciflic values may be for the date of
processing or the date of acquisition. Also all tapes produced
since 1979 have a 0-127 count range for all bands, so a recently
processed Landsat-2 CCT will have an expanded Band 7 range even

though a similar tape processed earlier would have a 0-63 range.

Two other cautions are also in order. First, the absolute {
accuracy of the radiometric calibration is not measured after
launch. Second, the system response may change with time but not

have this fact reflected in the published Lmax values.

This information applies to MSS products obtained through the

EROS data center. Products obtained through other ground 4
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stations may have different calibration procedures and different

formats.

Only limited resources have been allocated to monitoring the
post-launch performance of the Landsat MSS systems. For the
first two or three systems, spectral signatures were extracted
quite regularly over a few selected sites in the Western United
States, mainly at or near White Sands, New Mexico. These
provided some inputs to the ground processing procedures at that
time. More recently, Nelson (1985) reanalyzed those data and
quantified the previously observed decline of Landsat-! MSS

responses relative to those of Landsat-2.

Other investigators have made comparisons of the relationships
between various pairs of MSS systems. Rice and and Malila (1983)
summarize the available data and give transformations between the
various combinations. Richardson (1982) also has examined such
relationships and made comparisons. Both Markham and Barker
(1985b) and Murphy et al. (1985) have indicated that the Landsat-
4 MSS calibration appears to be slightly anomalous in comparison

to the other Landsat MSSs.

Generally, the Landsat MSS has produced data of good quality. As
one might expect, however, with a series of sensors that have
been in operation for more than a decade, a number of problenms
have developed from time to time. A comprehensive account of
system changes, Improvements, and anomallies encountered during

the first ten years of Landsat was prepared by Clark (1982).
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Volume I of the Landsat-4 Science Characterization Early Results

Symposium (Barker, 1985a) contains several papers documenting
more recent events and anomalies. Other related papers include

Tilton et al. (1985) and Malila et al. (1984).

Landsat data are archived in both film and digital tape form at
the NOAA/NESDIC Landsat Customer Service Facility at Sioux Falls,
South Dakota. The EOSAT Corporation recently assumed rights to
collect new data and to market both new data and past data less
than ten years old. This service will continue to be handled

through the Sioux Falls Facility for two or three years.

Both black and white or false color composite images can be
purchased in a variety of forms. Computer compatible tapes
(CCTs) are also available in several formats. Fully processed
tapes, CCT-PM, are both radiometrically and geometrically
corrected, many with ground control data. The standard geometric

projection is Space Oblique Mercator (SOM), although UTM

projections are an option. CCT-AM data are radiometrically
corrected, but not geometrically corrected. Tape formats may
place spectral band values either interleaved or sequentially on i

the tape.

The MSS sensor iIs not currently planned to be continued on
Landsat 6 (1989) or Landsat 7 (199! expected). Rather a
multlispectral scanner emulater (EMSS) will be placed on the space

platform and reprocess TM data on-board to replicate MSS data !
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with an improved spatial resolution of 60 meters. This will

provide a continuation of the MSS data collected since 1972.

3.1.2 THEMATIC MAPPER

The Thematic Mapper (TM) is an advanced multispectral imaging
sensor carried by Landsats 4 and 5. This improved sensor is the
primary sensor considered in this study. Landsat 4 was launched
in 1981 and Landsat 5 in 1984. Characteristics of the TM are
summarized in Table 3. This sensor has improved spectral,

spatial and radiometric resolution in comparison to the MSS.

TABLE 3. CHARACTERIZATIONS OF THE LANDSAT THEMATIC MAPPER

spectral Reglon
Spectral Band Pass Band 1: 0.45-0.52 Band 6: 10.4-12.4
(micrometers) 2: 0.53-0.61
3: 0.62-2.69
4: 0.78-2.9!
5: 1.57-1.78
7: 2.10-2.35
Number of Detectors 16 16
/Band
Altitude (km) 705 705
Nadir Footprint of 30 ' 120
IFOV (m)
Active Scan Angle 7.7 7.7
(degrees)
Ground Sample Spacing
scan direction (m) 28.5 28.5
line to line (m) 28.5 28.5
Levels/Band 256 256
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The linear resolution of the TM is about 2.7 times finer than

that of the MSS, the IFOV of the TM is 30 x 3@ m as compared with
82 x 82 m for the MSSs on Landsat 4 and 5. Greater radiometric

;E sensitivity of the TM over the MSS s achieved by utilizing
eight-bit quantization (256 levels) in the analog-to-digital

K conversion process. The TM has better signal to noise
specification and utilizes linear response functions. The TM has
more spectral bands than the MSS, seven instead of four.

Spectral bands have been added in the blue (0.45 to 0.52
mnicrometer) region, the mid-infrared (1.55 to 1.75 and 2.08 to
2.35 micrometers) and the thermal-infrared region (10.4 to 12.5
micrometers). The TIR band has 129 m spatial resolution. Three

TM bands approximate the four MSS bands. The visible green and

s g U

red bands are narrower than their predecessors in order to

improve their ability to distinguish phenomena in this region. ¢
'y The reflective infrared band is narrower than the combined bands

g of the MSS in this region, having its center in a reglion of

magimum sensitivity to plant vigor.

" The TM sensor s active during mirror sweeps in both directions,
o 16 scan lines per mirror sweep (four detectors for the thermal L
. band). A scan-~line corrector mirror compensates for overlap and

) underlap which would occur from this scanning motion.

w

j TM data are sampled at a rate of one sample per 30 m at nadir in
4

h the scan direction. Line-to-line spacing also !s nominally 30 m

N on tapes that are only radiometrially corrected; scan lines on
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L)
K successive sweeps are displaced on these tapes by a substantial

:E number of pixels relative to each other in the scan-line

. ® direction (Beyer, 1985). Since the thermal band (Band 6) has a
§ coarser 120-m resolution, each data value is repeated in a 4 x 4
9 array of the high-resolution 3Q@-m pixels on radiometrically

corrected tapes.

Geometrically corrected tapes are resampled to a 28.5 x 28.5 m

{6 & & o "o

~ -

grid. The standard resampling procedure is cubic convolution

e
, which results in some smearing of spatial detail. Nearest
ne ighbor sampling is also an option. The standard geographic
: projection is Space Oblique Mercator. UTM is an option when the
q: scene center {s between 65 degrees north and south latitude and
K.
X Polar Stereographic at higher latitudes (Beyer, 1985).
Ko
¢ Both pre-launch and post-launch calibration procedures are
&
b
:: employed for the Landsat TM systems. The pre-launch procedure
b employs large-aperture integrating-sphere calibration sources
g (Barker et al., 1985, and Lansing and Barker, 1985). Each Is
'.‘t
ﬁ stepped through a representative range of Intensities under
()
j? several different operating temperatures. The dynamic range of
- &~ each channel is determined and the least-responsive channel in
(3 each band is identified and used for the calibrated output for
s
\ the band.
-4
s
b Radiometric correction takes place when each high density tape
[
:ﬁ (R-tape) containing raw date |s used to produce an archival high
2 . density tape (A-tape) which contains only radiometrically
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corrected data, but has all the geometric correction parameters ]
appended. Any geometric correction takes place in a subsequent
process and results in a P-tape. The radiometric correction
process has three phases (Singh, 1985; and Irons, 1985). The
first phase screens the R-tape and extracts, accumulates, and
saves calibration, shutter, and subsampled histogram data, for
each channel, from each scan. The second phase computes
radiometric gains and biases for all channels and generates
lookup tables which are applled to raw data during the third

phase.

Each TM contains three calibration lamps which are viewed by all
reflective-band detectors once during each scan. Up to elight

different combined lamp intensity levels can be produced. These
lamp levels are cycled through slowly and the corresponding +

detector outputs are monitored.

Least-square fits are first produced after the pre-flight
measurements to relate the channel outputs to the 20 different
integrating-sphere radiated levels that were tested. These
result in a derived gain and offset for each detector (Barker et *
al., 1985). Similarly, these radiated values are related to the
calibration lamp response through regression analysis. For each
band, maximum and minimum radiance values are determined. Barker

et al. (198%) and Malila and Anderson (1986) discuss these

values. l
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The individual detector calibrations for TM were not expected to
satisfactorily equalize the responses of detectors within each
band, so a histogram normalization option was implemented for TM
as well. The procedure employed matches histogram means and
standard deviations extracted from the scene being processed, and
is described by Irons (1985). To expedite processing, the
radliometric correctlon steps are combined into radlometric lookup
tables which are used to map raw digital counts Into

radiometrically corrected values.

Each radiometrically corrected digital value can be converted to
a spectral radiance value (Mallla and Anderson, 1986). The
necessary coefficients are provided for each band in tape

headers.

Because thermal infrared radiation differs from the reflective
radiation sensed by the other TM bands, a different calibration
procedure is used for Band 6. A two-point internal calibration
function is used. One point is from the temperature-controlled
blackbody reference source on the calibration shutter and the
other is from measured temperature of another portion of the

calibration shutter.

The dynamic range of Band 6 initially was 26Q@ to 320 degrees K,

but was changed to a range of 200 to 340 degrees K. Tape header
coefficients for Band 6 can be used to convert calibrated counts
Ilnto spectral radlance. However, since the observed radlance s

a function of both the true temperature of the object and {ts




q
@
iqd
.
R~ spectral emittance, as well as atmospheric effects; varlable
A
P =
;rn spectral emittances can cause apparent temperatures to differ
ly substantially from true temperatures. q
<&
=
o
%S
»5 This discussion applies to TM products obtained through the EROS
i
il data center. Products from other ground stations may have
..
;&f different calibration procedures and different formats.
L)
".
wl
RX The TM sensors have produced data of very good quality. Their ‘
s
g
v data have been analyzed extensively under the Landsat-4/5 Image
;6 Data Quality Analysis (LIDQA) program. Artifacts which have been
@
N discovered and described include scan-corrected level shifts,
o
}i' bright-target saturation, and between-sensor calibration
N
o differences. Most of these are correctable. Sources detalling
[4
{
2 the TM data quality include Salomonson (1984), Barker (198%5Bb),
3 '-J.l
= and Markham and Barker (1985a). Barker (1985b) gives a
'\.'-’
i:' comprehensive discussion of TM reflective band radiometry and
e analyses the sources and magnitudes of error and estimates
;Rﬁ overall accuracy.
!'l
o
;gc TM image products can be obtained in the same range of formats as #
e
- the MSS data from EOSAT and EROS. Simllarly TM CCTs can be
-
‘;: obtained i{n several formats and corrections as the MSS CCTs.
@
22
Pq
_:{ The flrst seven band TM data for Landsat 4 were obtained on 22
A"«
,l
o~ August 1982. Untl!ll the filrst TDRS (Tracking and Data Relay
w5 Satellite) satellite was launched and became operational, TM data ‘
N
e
ow 34.135
04

o »_ W aLw ) » - - . - . - g . . P
gl .r TV AL O Ll gl -, Aat o,
2/ R N PR A z v pIE 0 Yy RGO W0 +q \'l,(ﬁig‘

AL I'nl-l-l’\)u




e - o--

could only be acquired in the range of ground receiving stations.

sTa a8

Failure in 1983 of two of four solar panels that power the TM and
N o MSS sensors have kept the Landsat 4 TM off operational status.

Landsat 5 was launched in March, 1984 and began routine

w's s a X

collectlion of TM data in April.

: There are several anticiapted changes in future Landsat
platforms, TM sensors and additional Landsat sensor packages.

The Landsat platform for the next two systems, Landsat 6 in 1989

K

& and Landsat 7 in 1991, will be called OMNISTAR. It will have a

4 twenty year life expectancy. It may be launched either by the

3 Shuttle or by expendable rocket and is also expected to be
serviced by the Shuttle. The TM on Landsat 6 is expected to

2 include a panchromatic band (0.5 to 9.86 micrometers) with a !5 m

,? spatial resolution. In addition, the TM projected for Landsat 7

E : may replace the current 129 m thermal channel with up to four TIR

2 bands at 60 m spatial resolution.

Y Other sensor packages being considered for future Landsat

E missions Include a low cost, low resolution sensor (S@0 m) with

: increased temporal frequency. Also a Multispectral linear array

k - system with selectable channels and off-nadir pointing to provide

' stereoscoplic imagery is under discussion.

k

{: 3.2 SPOT

NS

S The French earth resources Systeme Probatolre d’Observations de

R * la Terre (SPOT) was sucessfully launched in February, 1986. This

N
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essentially global, near-polar sun-synchronous satellite has
local sun time crossings of approximately 10:00 am. It i{s at an
orbit altitude of 832 km and has a normal repeat cycle of 26

days.

The satellite carries two identical high resolution visible (HRV)
sensors with multispectral linear arrays. Each HRV has a swath
of 60 km and combined provide a swath of 117 km. The sensors are
capable of collecting 10 m spatial resolution data in a
panchromatic mode and 20 m data in a three channel multispectral
mode. In addition, the sensors have off-nadir, pointable viewing
capability. This off-nadir viewing provides stereoscopic
coverage which could produce topographic information with
approximately 10 m contour spacing. The pointable sensor also
provides revisit capabilities of up to 7 visits at the equator
within a normal 26 day cycle. The number of possible revisits

increases with higher latitudes.

The French Government has committed to a continuation of the SPOT
program with plans for SPOTs 2, 3 and 4 through the 1990s. SPOT
2 will be identical to SPOT 1. SPOTs 3 and 4 are expected to
have an additional multispectral band in the mid-infrared (1.5 to
2.7 micrometers) for vegetatlive assessment. The SPOT platform
may very well add an additional sensor for large area, broad

resolution vegetative analysis. Thls sensor would have four

‘spectral bands, a 2000 km swath, | km spatial resolution and near

daily repeat coverage.
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3.3 AVHRR

An operational global remote sensing system which has been
receiving increased utilization for earth surface information is
the Advanced Very High Resolution Radiometer (AVHRR) sensor
carried on the Unlted States NOAA serles of meteorological
satellites. This sensor is the most recent of a series of
orbiting satellites and sensors which have evolved since the

launch of the first meteorological satellite, TIROS, in 1960.

The AVHRR sensor has five channels including one visible, one
NIR, one MIR and two TIR. The swath width of the sensor is 2700
km and the spatial resolution is 4 km off nadir and about | km at
the nadir. One of the primary reasons for the increased
utilization of this sensor is the high temporal resolution of two
passes per day, day and night, and four passes when there are the

normally operating two satellites.

Several of the non-meteorological applications of AVHRR data
include monitoring dust and sandstorms, volcanic monitoring with
the thermal bands, marine oil spill analysis, flood demarkation,
forest and grassland burning assessment, various geologic
lithologic determinations, and vegetation biomass using
vegetative indexes. The high temporal resolution of these
sensors and the near real time availability of data are extremely
important for some applications. However, the ]limited spatial

resolution makes it an unlikely data source for the parameters of
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1 e ANALYSIS OF SURFACE CONDITIONS

b ¢

)

’

j This section evaluates the abllity to locate and evaluate the

¢ surface features of interest listed in Table | by automated

v

'E processing of remotely sensed data, primarily Landsat TM data.
i

? Several of the listed conditions are combined in a single

.9

® presentation because of definitional difficulties such as between

"

v; brush, forest, and the height and density of vegetation or

i because of a similar remote sensing perspective such as streams, |
] lakes and reservoirs, all of which require the recognition of

- water.

“

)

i' N For each condition, there is included a review of prior efforts
. to evaluate the condition with remotely sensed data and when

.: appropriate, additional processing strategles are presented. In
(L~

' addition, problems associated with the analysis of the condition
:ﬂ such as temporal and spatial signature extension are presented.
K

-

[,

‘

A 4.1 SLOPE

;‘ +

'y,

S

,t Slope and aspect i{nformation are most easily obtained from

}2 existing topngraphic maps or elevation data bases. Most

;: elevation Information is obtalned from photogrammetric

'ﬁ measurements of stereoscoplc remotely sensed photographs or
b images. If stereoscopic pairs are available, then elevation and

®

. slope information can be obtained. However, until quite

)I

7
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recently, 1986, there was no systematic collection of spaceborne

stereoscopic data.

There are techniques for single image slope determination in
areas of homogeneous surficial cover that have relatively uniform
albedo. While these conditions may be found locally within a
scene, it is rare for this to be the case over broad areas.
Therefore, slope detemination of a local area may be much simpler

than slope determination over the entire image.

While remotely sensed data are often the sources of elevation and
slope information, elevation data can also significantly increase
the accuracy of classification of vegetation using remotely
sensing data (Foote et al., 1981). In one study, Hoffer et al.
(1979) found that elevation data improved vegetation
classification by 15 percent. Vegetation density and type are
often dependent on elevation, slope and orientation primarily due

to climatic changes such as altitude zonation.

Generally, most researchers in remote sensing who need to access

elevation information have overlaid the imagery onto existing

»
X

P
Yy

'Q topographic maps or have registered the image data to a digital
Y

:: elevation model (DEM). A DEM is a matrix of numbers representing
Tl

o elevation values at points that are uniformly spaced. This

@
:
!
.
:
.
.

spacing is the resolution of the DEM. DEM data for the United
States are currently being compiled and released by the U.S.

Geological Survey (see Appendix A). The Defense Mapping Agency
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is in the process of constructing a world wide digital elevation
database with 30 meter resolution. If sufficiently detailed data
are available from these sources it would be much quicker, and
probably more accurate to overlay the {magery data onto a terrain
mode!l constructed from the USGS or DMA digltal elevation data
than to attempt to extract elevation information from currently

avalilable spaceborne remotely sensed imagery.

However, despite a general preference for DEM data i{f avallable,
there |s interest and research into obtaining slope and elevation
data from non-stereoscopic remote sensing. For some
applications, currently available DEM data may be of too coarse a
resolution to differentiate small terrain features of interest

such as gqullied landscapes.

If ground cover is homogeneous and a standard albedo can be
establ ished, then reflectance from the scene varies only with
topography and is proportional to the cosine of the illumination
angle. This relationship can be of use in forested or grassland
terrain where the vegetative canopy is essentially homogeneous,
or in unv jetated areas of similar rocks or soils. If this
approach is used, it would be possible to determine a slope
amount for every pixel that is {lluminated by the sun. The use
of multitemporal imagery would provide various angles of
{llumination that should provide data for all but the most
frequently shadowed mountalnsides. In addition, the slope
calculations from one image can be compared with the slope

calculations of another as consistency checks.

34-44




LRl bl ol Bl A A A Ao e Ae Wi Ale sl ale sl -l ok ol bal Anf Salh aod Bl BB & A s Aalh Afe Ahea e auh aid oad add Lad aa- i cag lad e Al o A a4 o 4.

v

Single lmage spacecraft data have been found to be of use in
localized slope analysis. Watson (1968) has cautioned agalnst
using any single image to create a complete model because the
scene !llumination is dependent on both the vert!cal and
hortzontal angle to the {llumination 3ource. Watson also noted
that photometric slope from brightness measurements are more
reliable if the lllumination is perpendicular to any linear

landfornms.

Slope may also be assessed by processing the image data to create
a differential image; that is, an image that s the first
differential of the original scene reflectance. This is achieved
by passing a series of digitally weighted filters over the data
(Jensen, 1986). A first differential image will show the overall
trend of the slope and is also useful for edge identification,
particularly of ridgelines. Any abrupt change In spectral values
results In a drastic change In the flrst differential. It must
be stressed that this type of image shows the differential of the
image reflectance values, not of the configuration of the terrain
itself. They can only be correlated well if a relatively

homogeneous surface cover exists.

A similar technique has been used to ldentify gullles from
digital elevation models. Thls technique passes a three by three
digital filter over the data, and if the central pixel is found

to be a minima critical polnt, then a "saddle” {s ldentiflied.
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This process looks for these points in four directions passing
through the center point (E-W, N-S, NW-SE, NE-SW). When the

product of these operations is displayed, it is found that the
gullies are well delineated by strings of oriented saddle points

(Carroll, 1983),

Another method has been developed for obtaining an estimate of
local slope in hilly or mountainous areas from TM images. This
method requires that the valley bottoms and ridge lines be
identified. An estimate i{s then made of the approximate maximum
relief; this estimate can be made from existing maps. The slope
in any area is then determined by dividing the estimate of local
relief by the horizontal image distance between a ridgeline and
the center of the valley (Wang, 1984). Wang uses a linear model
in this procedure which is appropriate for old mountain chains.
In glaciated areas or newer mountains, cartographic logic would
require the use of curvilinear models because the slope generally
becomes much steeper nearer the top of the landforms. Alpine
glacial horns are a perfect example of this topographic

principle.

In some situations multiple Landsat images may be available and
conventional stereoscopy may be applied to analyse the data.
Shadowing can result in useable stereoscopic effect if images are
available with disparities In Inclination or azimuth of the sun
{llumination. Gregory and Moore (1983) reported that large
vertical exaggerations exlist {f multiple Landsat images

possessing these characteristics are avallable. Thus, it is
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information can be extracted without

possible that elevation
parallax for particular scenes. However, Gregory and Moore found
that this vertical exaggeration is non-uniform over the entire
image and varies with the latitude of the images used. [f images
are avallable meeting the required criterfa (i{llumination
direction and azimuth are standard information in scene retrieval
data from EROS), this effect may be useful on a local scale for

relative slope determination via visual examlnation.

In orbital globally imaging systems there is some amount of
overlap in the scenes. Therefore, stereoscopic information ls
contained in the overlap areas. However, the height of the
imaging system above the topography may require the digltal
enhancement of the scene data in order to make this effect
visible except in areas of extreme vertical relief. Platform
stablility, imaging system resolution, geometric correction and
image matching accuracy have also been found to be highly
important i{f elevation information is to be extracted in this
fashion (Welch and Ehlers, 1985). Although attractive
intuitively because the information is present in the imagery,

this method presents difficult technical problenms.

Experimental, operational and future spaceborne remote sensing
systems have been directed towards the acquisition of elevation

information. The Shuttle based Large Format Camera and Metric

Camera missions have collected stereoscoplic photography of

segments of the earth’s surface on an experimental basis. More




importantly, the recent operational SPOT satelllite offers
stereoscopic coverage of the earth (see Section 3.2). Evaluation

of the accuracy of this stereoscopy has not been well established
as yet because most of technlical evaluation of the SPOT data has
been based on airborne scanner data resampled and degraded to
SPOT image resolution. However, it {s expected that !® m contour
information will be extracted from the SPOT data. Geospectra
Corporation of Michigan has already announced software that will
produce topographic maps from SPOT stereopairs. It is claimed
that these maps will meet U.S. Geologlcal Survey standards for
1:50,000 scale topographic maps (Vincent et al., 1984). Several
future spaceborne remote sensing systems, including Landsat, may

also contain stereoscoplc capabilities.

In summation, DEM databases are a more reliable and faster way to
obtain slope information in specific areas than non-stereoscopic
satellite data analysis. However, if DEM or SPOT data are not
available for a specific area, then there are both digital and
visual techniques avalilable to possibly determine slope
information solely from TM {magery. Unfortunately, these
techniques require very speclific conditions and have generally
not been duplicated and utilized by other researchers, so the
speed, accuracy, and global applicabillity of them remalins to be
more fully evaluated. Either DEM or stereoscopic data from SPOT
and similar future systems will be the best methods to obtaln

slope information.
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4.2 SURPACE ROUGHNESS

Local surface roughness is a difficult condition to gquantify; in

fact, there does not even exist a standard measure that expresses

E a "surface roughness factor®. In addition, roughness is a

| quality that varies with scale. It is a known problem in
military terrain analysis that an area can appear on the map to
have little relief, and therefore be assumed to be easily

P traversable by vehicles; but, in actuality, the land may be

o gullied and crossed by small intermittent streams that make
vehicle movement difficult or impossible. Desert surfaces such

A as in the Sahara are yet another example of this scale problenm.

In scme areas, the desert surface consists of small grain sands

that exist in dunes of highly variable sizes; while in other

" n a AR

, areas, the desert surface consists of cobble to boulder sized
rocks. Both of these areas often appear indistinguishable on

topographic maps and can appear very similar on satellite

Pl NS of

imagery.

Surface roughness results from the complex geomorphological
Interaction of vegetation, wind, and water eroding and weathering
different types of bedrock. In sedimentary rock, if an area is

predominantly sandstone or limestone, then extenslive cobbles are

(s

not expected in the erosional surface material. However, if the

bedrock consists of coarse conglomerates, then the opposite s

expected. In areas of recent volcanlsm, lava flelds provide some

of the roughest surfaces found on earth. Locally, a river

channe] that possesses signiflcant gradient will generally be

Y MO
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1o floored with boulders and cobblestones. Thus, at some scales
-?'T surface roughness of an area can be inferred from specific
;is knowledge of local geography (location of streams, amount of

;E: slope) and geology (bedrock type).

e

»)
?'ﬂ Some of this knowledge can be obtained from remotely sensed data.
g%s Considerable progress has been made is the dliscrimination of some
i&@ rock types in arid areas using only spectral data. Ratios
?ﬁc between different combinations of TM bands have proven to be
fﬁg particularly useful because a ratioed image removes the effects
:Lﬁ of differential illumination of the topography (Rowan and

:{: Lathram, 1980). However, in vegetated areas multispectral data
'£§~ are frequently insufficient to determine the bedrock type and
,54 other measures must be used in conjunction with radiometric pixel
(}v' values. It is thought that texture measures such as the Hsu
Fi; classifier can assist considerably in determining bedrock types
;%ﬁ (Kirakofe, 1984). An operational system to reliably ascertain

L

surface roughness from geologic and other secondary indicators

.-";-"4- r\?l‘

A
NNN

L

h .\ ;'"

would have to rely upon a consistent set of data which might be

incorporated into a GIS from a varlety of sources in addition to

remote sensing.
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A theoretical approach that has yet to be applied to surface

Ao
»

roughness is the fractal description of image reflectance.

B A
A )

e
<

Fractals were first extensively discribed by mathematician Benoit

R
L)
o dh 3}

[

Mandeibrot (1977). Mandelbrot applied fractals to various

A

geomorphological processes, the most quoted being the description

34.5]
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of coastlines. Since that time fractals have found application
in computer graphics, physics, and other fields as a method of

describing the results of some natural processes.

Pentland (1984) suggests that fractals are a superior method of
describing rough earth surfaces. Pentland also recognizes
several important constraints to the indiscriminate use of
fractal based descriptions. One constraint is that the surface
must be a result of a fractal process in order for the fractal
description to be meaningful. An example of a fractal process
(that is, one that is scale independent within broad liamits) is
erosion; it |Is reasonable that small scale gullys are similar in
form to larger scale valleys (Haggerstone, 1983). Another
constraint is that the image area subjected to fractal analysis
must be consistent in that all of the area must have been
subjected to the same process. This requires careful image
segmentation to obtain fractally heterogeneous areas. An example
of segmentation difficulty might be found in satellite images
that span the divide of the Sierra Nevadas. On one side of this
mountain chain there is a significant amount of rainfall, while
the other slide is desert. These two areas have been subjected to
significantly different erosional regimes and, if analysed
together, could not be assumed to have any meaningful fractal
dimension. Fractal based description of image data is a
promising and intultively attractive ldea. However, much work
remains to be done before It is an operationally reliable

technique to describe the three dimensional roughness of a scene

from the two dimensional image data.
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Vel
j ! Because surface roughness is difficult to quantify and is scale
‘- v

fx; dependent, there has been little related empirical work with TM
b

;{j data. Visual interpretation and prior kKknowledge of the landforms
rJ >,

%%’ in the scene allow the analyst to make some estimates of the

{
AN local surface roughness. The 30 m spatial resolution of the TM
S 3R
::i: is too coarse to permit gquantization of localized surface
) ‘\-_‘.:
e roughness or ground particle size. Even the 10 m resolution of
;fw the SPOT satellite will not allow the analyst to directly assess
‘-‘d.'.

ifk the surface roughness in a particular area. If a landslide area
L

%3; consists of 3 meter boulders (rendering it virtually impassable
. .

L5 except with great difficulty) the SPOT imagery will not be able
Ll
,:f‘ to show this fact directly. Examination of a low angle
3 ‘.;.'-_
??; fllumination scene might reveal shadow patterns amenable to
(r\ texture analysis; but no work was found that utilized this
L2
N approach.

.

:.__*..

R
;%i Most investigations of surface roughness have been with radar
O

;:: because radar returns are highly dependent upon the roughness of
L
fug the surface. Although the modeling of radar returns fronm

1?; different reflectors s extremely mathematical and complex, there
' x':-
‘,:3 are general guidelines available.

o

2
":: When using radar to examine surface roughness, a surface is

N “radar rough® (bright reflection) or 'rader smooth”™ (low

o« -

, o

¢:: reflectance) depending on the relationship of the root mean

o

‘3t

o particle size on the ground to the wavelength. A surface will be
e

oS

A

I5:
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“radar rough® {f the average particle size is larger than the
wavelength of the sensor, and "radar smooth" if the particle size

i{s smaller (Dozlier and Strahler, 1983).

Bryan (1981) reports that the relationship between rough and
smooth terrain in imaging radars can be expressed as:

rough > Wavelength of radar/8 x (sin depression angle of radar);
smooth ¢ Wavelength of radar/8 x (sin depression angle of radar).
However, this simple equation is not universally agreed upon, as

the nature of radar backscatter from complex reflectors is not

well understood.

An investigation of surface qualities using Shuttle Imaging
Radar-A (SIR-A, L band, 23 cm wavelength, resolution 40 m) was
conducted using data covering Las Cruces, New Mexico (Teng,
1985). The results of this investigation showed that qualitatlive
examination of radar returns from an orbital platform are useful
In determining surface roughness, at least in non-vegetated
areas. Teng found that regional SIR-A image patterns generally
correspond to the amount of surface dissection; and that locally
the image brightness corresponds to differences in surface
roughness due to desert pavement, dunes, scarps, and small
amounts of vegetation. Arroyos were found to stand out clearly
because of the diffuse scatter produced by thelr coarse grained
matertals. Arroyos were distinguished that were smaller than the
approximately 40 m resolution of the imagery [f they were
oriented orthagonal to the radar look direction. This effect is

due to the taller and denser amount of vegetation (due to the
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greater availability of water in the arroyo bottom) and the steep
to vertical walls of most arroyos. Both of these factors result

in higher radar backscatter.

In a similar study, King (1985) reported that it was difficult to
distinguish even between flat, undulating, or hilly landscapes
using SIR-A radar returns in highly vegetated Indonesia; only
mountainous areas could be identifled with certainty. This scale
of information iIs not directly related to surface roughness
except that local relief determines drainage gradients. King
indicates that the surface of the land cannot be directly imaged
with available radar data if the surface is covered with
vegetation. These two studies indicate different results about
the capabilities of SIR-A radar returns as a function of the

amount of vegetative cover,

A "multispectral”™ approach to radar analysis has been advocated.
In this technique, radars of different wavelengths and
polarizations are used to multiply image the target area, and
multispectral classification techniques are used to classify the
terrain. In a pilot study of Death Valley, California, Daily
(1980) found that different desert surfaces were identifiable
utilizing this approach combining airborne and SEASAT radar data.
Dally also acknowledged the difficulty in terrain interpretation
where ground truth is not readily obtained. Radar speckle, an
unavoidable problem with radar images, renders many conventional

pixel classifiers inoperable (although median value filters are ﬂ
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recommended). In other areas, lava flows were easily discernable

by very bright returns on the SEASAT images, but this is an

abnormally rough earth surface condition. Karst topography of
low (10 meter) relief also had high reflectance in SEASAT images
of the Dominican Republic but it |s uncertain whether this |s due

to the vegetation cover or the surface itself.

In another study of Death Valley using cross- and like-
polarization radar (Evans et al., 1986), cross-polarization
brightness returns corresponded well with rough alluvium of
younger geologic age while older deposits had significantly lower
returns. L band returns diminished when the average particle
size became less than one tenth the size of the wavelength.
Cross-polarized radar was more dependent on the surface rouhness
than like-polarized radar. Evans concluded that
multipolarization radar imagery should be acquired in order that

the maximum information be extracted from the scene.

Radar contains much information about the condition of the imaged
surface. However, the complex nature of natural reflectors has
resulted in confusing results on radar returns and utilizations.
The difficulty in using radar lies not only in the analysis, but
also in the accurate geometric transformation of the radar data
onto a “flat” map projection for registration with other remotely
sensed imagery or maps (Wu, 1983). Any radar data avallable for
an area of interest should be visually examined; there 1s no tool
better for rapid perception of terrain relief except possibly a

reliable large scale topographlic map.
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The ability of remote sensing techniques to evaluate surface
roughness is a function of the type and particularly the scale of
surface roughness information desired. Automated determination
of surface roughness directly from TM data will be very difficult
because of the 30 m spatial resolution of the sensor. Possible
exceptions to this may be texture measures or the use of
fractals. Secondary indlcators of texture, such as bedrock or
geomorphology, can be obtained via remote sensing or more llkely
by the incorporation of a variety of ancillary information in a
GIS. A sensor which can be indicative of roughness is radar but
there are currently no global programs to systematically collect

radar data appropriate to this study.
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=
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Y
:3 The discrimination of water from land is one of the earllest and i
L)

~0
. IS best understood applications of remote sensing. Water absorbs

2 |
0

. 34-58




' B
SO,
fﬁ almost all energy in the infrared part of the electromagnetic
L) A spectrum. On infrared aerial photography, open water appears
Q‘ almost uniformly black, except water heavily laden with sediments {
2 )
'?y which is generally a pale blue.
'EE
;? To delineate the water/land interface, any spectral information
hht
: J in the .75 to 1.! micrometer range may be used (Schowengerdt,
A
§$. 1983). Varlious scientists have used MSS band 7 and TM band 4 to
el
i obtain excellent results in the identification of water bodies.
“
A land cover assessment {n South Dakota utilizing low resolution
~ 1]
oo MSS data achlieved a 93 percent accuracy of identification of
D water covered areas (Ripple and Miller, 1982). The remaining 7
NS
>
gﬁﬂ percent error was probably due to small ponds and creeks of less
‘f.d
X§ that | pixel size. Schowengerdt (1983) has tllustrated the
{ ' cartographic precision obtainable for locating water using low
}fg spatial resolution MSS data. With a simple thresholding
5N
! b operation, the convoluted edges of Lake Anna, Virginia were
:)” almost perfectly delineated. With such easily achieved and
L0
;$;4 accurate identification of water covered areas, it will be
L
;Ef desirable to use TM data for the greater resolutions offered.
e
po
o 4.3.1 STREAMS
B
.,\:j
¢
b2
-y Small streams are the most difficult water bodies to identify
v
:Fﬁ with satelllite imagery. This Is particularly true if they are
| ."\J‘
‘?ﬁ significantly smaller than the ground resolution or pixel size of
the sensor. Another problem with stream identification in
ﬁ; vegetated areas is that a small stream is often obscured by
s *
q
()
?ﬂ 34-59
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overhanging vegetation. In some environments, these gallery

forests can be secondary indicators of a stream.

It |3 possible to infer the exlistence of a stream without
actually seeing the stream itself. If an area is well vegetated,
it can be assumed that water {s necessarily present. Topographic
valleys are also usually the result of water erosion. The exact
position of a small stream may change as it undergoes evolution
but the position of the floodplain or stream valley is generally

stable over a long period of time.

Even {f a stream is smaller than the resolution limit of the
image, this fact can be used to give an upper limit to the size
of the stream. If gradient information (see SLOPE) is avallable,
it may be used to approximately infer the width and flow rate of
a stream, because, in areas of steep gradient, it can be assumed
that the stream is relatively rapid and has a narrow floodplain,
while flat or rolling land can be assumed to have streams that

are slower, shallower, and generally have wide floodplains.

Vegetation density is almost "avariably greater near waterways.
This vegetation discrimination may be accomplished either
digitally or by visual enhancement. Blanchard and Frick (1982)
reported that contrast stretching techniques applied to TM band 3
data significantly aided the visual ldentification of the
woodlands along creek valleys In Oklahoma. The authors of this

study felt that their results were not sufflciently prectse
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j;& because some other areas of vegetation were erroneously included
;:% in their classification of the creekside woodland. However,
:N_ inspection of their maps shows that the creeks can be inferred
ﬁé reasonably well by “connecting the dots™ between mapped areas of
%g creekside woodland. Outlying areas classified as creekside woods
Cz are visually identifilable as not being part of any “"connectable”
'#% linear series. These outlying areas are where the classification
éﬁ? fails but human visual interpretation based of spatial
. relationships can easily discern that they are not part of the
xgis desired class. Thus, the presence of a creek can be inferred
ﬁ?i from the other image data available, even {f the creek Is too
i.? small to show up on the resolution of the image.
N
-
;3 Digital edge finding techniques can alsoc be employed to locate
(*ﬁ small streams. These techniques are probably much more useful in
:i: difficult areas of low topography and nearly uniform vegetation
.ES density. PFirst derivative fllters accentuate gradients but in
i;u this appllication, it would be preferable to use second derivative
E&; filters because they enhance maxima (data value peaks). Jensen
z&% (1986) showed how Laplacian (second derivative) filters enhanced
'ﬁh the delineation of small streams in wetlands. Jensen reports
PE? that if the Laplacian filtered image is added back into the
f?g original image, the combination is very effective in wetland
i:j detail enhancement.
e
:;k Wetlands are the most difficult type of area in which to directly
jik ldentify small streams. In these areas there are no topographic
:35 clues, and the vegetation i{s generally dense everywhere so the
-
' ",, 34-6)
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technique used by Blanchard and Frick cannot be expected to
achieve satisfactory results. These areas also show the
vegetation overhang effect to a high degree. However, it can

generally be inferred that wetland areas will contain streams.

Because small streams may be best identified by the vegetation
changes that occurs near them, a vegetative enhancement approach
might well be the best processing strategy to ldentify them. The
tasselled cap transformation (Kauth and Thomas, 1976) has been
found to be very useful In the discrimination of different
vegetative types. Data transformation onto °greenness” and
"briaohtness” azxes extracts an optimal amount of vegetative
information from the raw multispectral data (Jensen, 1986).
Therefore, if the image under investigation was first transformed
via this method, and then a second derivative fllter was applied
(in order to identify maxima “"greenness” edges) the small scale
streams should be optimally ldentified. Thlis processing strategy
for the identification of small streams has not been found in the

literature but logically {t should result in the desired results.

4.3.2 LAKES AND RESERVOIRS

As dliscussed {n the Introduction to this section, there has been
no difficulty in the ldentification of large bodies of water from
satellite image data. Research involving larg; bodies of water
has generally taken for granted that these bodles can be

ident!fied and plotted accurately. Work has now progressed into




N h

"y
L
:EE water quality assessment and volumetric estimation. This latter
.SE objective has made exteansive use of multitemporal imagery to
: determine lake shrinkage and expansion. ‘
fﬁ; Ground survey information is still generally employed for water

V. depth values necessary for volumetric estimates but some amount

Eé of depth information may be present in the imagery. The best

3i penetration of water occurs in the spectral reglion 0.3 to 0.6

N

micrometers (TM bands | and 2). Penetration of water is also l

:§3 dependent upon the amount of suspended solids in the water
‘;$ (Salomonson et al., 1983). It Is possible to extract

;% quantitative depth information from satellite imagery in some
f;f limited sltuations but on an operational basis, and particularly

?; for inland waters, this is a very limited and difficult process.

e
( {
D ‘\'«I
):: An interesting example of the |dentification and mapping of large
iﬁ to medium scale water bodies is Woldai’s (1983) study of
j; hydrological projects in the Jiangjan plain of China. Despite

Ei the fact that no ground truth or maps were available, Woldai
.Ea analysed the progress of Chinese flood control efforts in this
ol

valley by mapping drainage canals, dikes and lakes.

-

[dentifications were made through multitemporal imagery of basins
used primarily for agriculture but available for water storage in
times of high precipitation. These basins are characterlized by
agricultural patterns most of the year but in the winter flood
season they can become large lakes almost overnight. Woldai’s
work ts Indicative of the abllity of satelllite remote sensing to

locate and moniter large water bodles. Information about weekly
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or even daily changes in the size and location of these features

is easily obtained from satellite data.

Essentially any open water area larger than the pixel size of the
sensor can be reliably delineated with multispectral digital data
by simple single band density sllice techniques. Smaller water
bodies can occasionally be inferred by other features such as
vegetatlion or topography. This Inference may regquire the
incorporation of ancillary data and can be best accomplished by
trained interpreters. I[nformation on water depth or flow rates
may also be Inferred by ancillary information but cannot be

reliably obtained by remote sensing.
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4.4 WETLANDS

There exists a sizeable body of published work on the remote
sensing of wetlands. This interest has been widespread for a
number of reasons. From an environmental viewpoint, wetlands
have become recognized as important fish and wildlife breeding
grounds. Wetlands are also currently disappearing due to drain
and fill development operations. From a terrain or
transportation perspective, wetla..is are an important obstacle.
Remote sensing has been found to be an invaluable tool for the
mapping of wetlands for two reasons. One reason is that temporal
change in wetlands can be quite rapid and imagery can be obtained
with high temporal frequency. The second is that wetland areas
tend to be difficult to survey on the ground due to limited

accessibility.

One frequent problem in the analysis of wetlands is the many
different types of wetlands, each of which has specific terrain
and vegetation characteristics. A salt marsh in the tidal zone
1s usually characterized by extensive grasses; this is a very

different wetland than the cane brakes of the Louisiana Delta
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country, or the cypress groves of Georgia’s Okefenokee swamp. A
wetland classification system for use with remotely sensed data

has been devised to address this problem by the U.S. Fish and
Wildlife Service (Cowardin et al., 1979). It iIs hoped that more
workers will adapt this system so that the results of one study
can be meaningfully compared with the results of another. To
date, most wetland research using remotely sensed imagery has
used data specific classification systems. Often, wetland is not
differentiated into type, the classification system simply
speciflies wetland versus non-wetland. This has lead to
difficulties in the extension of an apparently successful image
processing strategy to a different area. Depending on the
vegetation present and the amount of open water, the spectral

signatures of two wetlands may be very different.

From a remote sensing standpoint, wetlands are very interesting
because they are transitional areas between land and water. As
seen before, there is little difficulty discriminating the land
from the water (provided the spatial resolution is sufficient);
however, in swampy, muddy lowland areas that are often
periodically inundated by tides, this discrimination is often

difficult.

The vegetation present also confuses the classiflication of
wetlands. In some areas of the earth, standlng water occurs
underneath 100 percent tree cover. This condition can be found
in the cypress swamps of Georgia and the mangrove swamps of the

tropics. An image taken from space and analysed visually will

34-66

IR T e D T TR .
O NN

RNt




. v
-

o A Y

B

s

-
.

i O

¥
} A

—
]

LI S
e v
[

.
Yy Y 4
" l’ "

R

f’"l‘l

]
[N

[}

show healthy vegetation in these areas, leading the analyst to
infer that the vegetation exists on solid land. As an extension,
it might be thought that a man might possibly traverse that land,
albett with some difficulty. However, many wetlands of this type
are almost impossible to cross on foot. The gomblnation of
bottomless mud, water that can be deeper than a man can walk in,
tangled above and below water vegetation, and the omnipresence of
daunting amounts of insects and reptiles render this type of
country virtually impassable to foot travellers. In most of
these areas boats are necessary for transit. Thus, it is highly

important to be able to distinguish wetland from other vegetated

areas.

Generally, only wetland or non-wetland classification with varied
degrees of accuracy has been achleved using only spectral data
from satellite imagery (Carter, 1982). In order to achieve
reliable subclassifications of the wetlands, it has been
necessary to visually analyse texture and landscape assoclations
(Finley et al., 1981). These classification strategies are more

accurate than using purely spectral data.

Because of the transitional nature of wetlands and the dense,
mized vegetation so often found in these areas, it will probably
be necessary to use anclllary information to fully delineate
wetlands using satellite data. A significant ;mount of wetland

delineation can be done with fairly rudimentary geographic

knowledge. If a wetland |s i{dentliflied directly adjacent to
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coastal dunes, then it can be reasonably inferred that {t {s a
salt marsh primarily comprised of high grasses and reeds with

little or no trees. Site, situation, and climatic zone are

important factors in determining wetland vegetation assemblages.

Another approach has been suggested to deal with the low spatial
resolution of Landsat data wher. classifying wetlands.
Essentially, this approach advocates that the Landsat data be
used to extract a statistical plcture of the wetland under
investigation, and that the statistics be used to infer detail
that is generally only visible in higher resolution aerial
photography. In other words, the image is not treated as a map
(as |is normally the case); instead, the image is treated as a set
of samples of the wetland. Thus, {f 25 percent of the wetland
image was classified as pure water pixels, and 1@ percent pure
tree cover, then pixels that are spectrally mixed and not readily
classified into a "pure® category are treated as though they were
25 percent open water and !0 percent tree covered (Roller, 1981).
This approach implies scale independence with certain limits, and
this model may be very effective if the image is properly
segmented into grossly homogenous areas (to the limits of the
Image resolution). A similar approach was used in a study of
land cover in Idaho (Anderson et al., 1982). Altnough this study
concerned irrigated lands, a field check of the the land cover
estimated from statistlcal treatment of the Landsat MSS data

showed an accuracy of 89 percent.

Airborne radar has been used in the discrimination of salt marsh
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EE areas. Shuchman et al., (1981) have reported that a multiband
y radar approach clearly ldentified coastal marshes in Florida.
:52 They hypothesized that X band radar reflects off the top of marsh
SE grass (yielding “"radar rough® bright returns) while the longer
{? wavelength L band penetrates to the water, which s smooth In
g?g comparison to the wavelength (yielding "radar smooth” dark
:ZE reflectances). This multiband approach may be applicable to
e other areas. In another study, L band radar was shown to
;t{ identify standing water underneath tree cover in Georgia (Evans
:;E et al., 1986). Both HH (like) polarization and VH (cross)
:% polarization were found to be effective in revealing the standing
i: water.
AL
g
EVJ There has been a considerable amount of research and discussion
f;j about the ability of radar to penetrate vegetative cover and
’j; image the surface underneath. Unfortunately, theoretic models of
o

imaged phenomena have not been sufficiently developed for radar

C

¢
»

gy

analysis of natural surfaces to be rellable except when the

1

ﬂf imagery can be extensively checked against ground truth. The

e
ol combination of MSS or TM data to locate vegetation and radar to
®
:ﬂK locate water below the vegetation may be an effective multisensor
4*1

:ﬁ approach for automated image processing of wetlands. For the

" I.

e

*q purposes of this study, the lack of globally avallable radar data
@

yiA makes this only a speculative strategy.

o
'CA
ff; The ability to locate wetlands with automated processing of TM
:¢: data is situation dependent, In some environments, the wetlands
%

o
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may have a sufficliently unique spectral signature that reliable
discrimination can be obtained. I[In othe. environments or during

other temporal windows, wetlands may not be uniquely identified.
Multitemporal data may be an effective processing strategy
particularly {f during one date, the water of the wetlands may be
observed either because of leaf-off cr flooding conditions.
Multisensor processing using vegetation penetrating radar with TM
may be effective when globally available radar systems exist.

GIS based anclllary information such as topography and proximity

to water may also be useful In locating wetlands.
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) 4.5 SNOW DEPTH
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ﬁb Considerable effort has been expended attempting to establish
N .
. snow cover conditions through satellite and air photo analysis. {
8-t
'jﬁ The majority 