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Abstract

In principle, three orthographic images of four points are suflicient to recover
the positions of the points relative to each other (shape), and the viewpoints
from which the images were taken (motion).

In practice, however, the solutien to this structure-from-motion problem is
reliable only when the viewing direction changes considerably between im-
ages. This conflicts with the difficulty of establishing correspondence between
images over long-range camera motions.

Image streams, long sequences of images covering a wide motion in small
steps, allow solving this conflict by using tracking for correspondence and
redundancy for increased reliability in the structure-from-motion computa-
tion.

This report is the second of a series on a new factorization method for the
computation of shape and camera motion from a stream of images. While the
first report considered a camera moving on a plane, we now extend theory,
analysis and experiments to general, three-dimensional motion.

In our method, we represent feature points in an image stream by a 2F x P
measurement matrix, which gathers the horizontal and vertical coordinates
of the P points tracked through F frames. If coordinates are measured with
respect to their centroid, we show that under orthography the measurement
matrix is of rank 3.

Using this fact, we cast structure-from-motion as a matrix factorization prob-
lem, which we solve with an algorithm based on Singular Value Decomposi-
tion. Our algorithm gives accurate results, without relying on any smooth-
ness assumption for either shape or motion.
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Preface

In principle, the stream of images produced by a moving camera allows the
recovery of both the shape of the objects in the field of view, and the motion
of the camera. Traditional algorithms recover depth by triangulation, and
compute shape by taking differences between depth values. This process,
however, becomes very sensitive to noise as soon as the scene is more than
a few focal lengths away from the camera. Furthermore, if the camera dis-
placements are small, it is hard to distinguish the effects of rotation from
those of translation: motion estimates are unreliable, and the quality of the
shape results deteriorates even further.

To overcome these problems, we have developed a factorization method
to decompose an image stream directly into object shape and camera mo-
tion, without computing depth as an intermediate step. The method uses
a large number of frames and feature points to reduce sensitivity to noise.
It is based on the fact that the incidence relations among projection rays
can be expressed as the degeneracy of a matrix that gathers all the image
measurements.

To explore this new method, we designed a series of eleven technical
reports, as shown in figure 1, going from basic theory to implementation.

The first report, already published as CMU-CS-90-166, illustrates the
idea in the case of planar motion, in which images are single scanlines.

The present report, number 2, extends the idea to three-dimensional cam-
era motion and full image streams. It also carries out a somewhat more sys-
tematic error analysis, and discusses an experiment with a real stream. The
method used to track points from frame to frame is described in detail in
report number 3.

If point features are too sparse to give sufficient shape information, line
features can be used either instead or in addition, as discussed in report
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number 4. Report number 5 shows how to extract and track line features.

The performance of our shape-and-motion algorithm is rather atypical.
Because it does away with depth and capitalizes on the diversity of view-
points made possible by long image streams, 1t performs best when the scene
1s distant and the motion of the camera is complex. Report number 6 ex-
amines what happens when objects are close to the camera, and perspective
foreshortening occurs. Report number 7 shows how to deal with degenerate
types of motion.

Occlusion can be handled by our method, and is treated in report number
8.

A basic assumption of our shape-and-motion algorithm is that only the
camera moves. In some cases, however, a few points move n space with
respect to the others, for instance, due to reflections from a shiny surface.
Report number 9 examines how to detect these cases of spurious motion.

Our factorization algorithm deals with the whole stream of images at
once. For some applications this is undesirable. Report number 10 proposes
an implementation that can work with an mdefinitely long stream of images.

Report number 11 considers a more radical departure from the assump-
tion of a static scene than spurious motion. If several bodies are moving
independently in the field of view of the camera, our factorization method
can be used to count the number of moving bodies.
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11. multiple motion
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i 10. implementation issues

Figure 0.1: The reports in the series. Number 1 was published as CMU-CS-
90-166.
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Chapter 1

Introduction

In principle, three orthographic images of four points are suflicient to recover
shape and motion, that is, the positions of the points relative to each other
and the viewpoints from which the images were taken.

In practice, however, the solution to this structure-from-motion problem
is reliable only when the viewing direction changes considerably from image
to image. For a given level of image noise and scene distance, this implies a
substantial camera motion to achieve good performance.

Too wide a camera motion, on the other hand, poses two fundamental
problems which limit the range of acceptable motions from above: establish-
ing correspondence between images and avoiding occlusion of features from
image to image.

To summarize, correspondence and occlusion are lesser problems with
short-range motions, while reliability calls for long-range motion. Typically,
for the classical structure-from-motion problem, characterized by few frames
and points, these requirements are not compatible.

Image streams, that is, long sequences of image frames covering a wide
motion in small steps, allow bridging the gap between short and long range
motion. On the one hand, features can be, thus establishing correspondence
between distant frames through the solution of many, simple correspondence
problems between consecutive frames. On the other hand, the redundancy of
information intrinsic in a stream improves the resiliency to noise, and allows
dealing with streams spanning a shorter range of viewing angles.

A successful attack to the structure-from-motion problem based on image
streams depends on our ability to deal with the great mass of data in an image
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stream in a systematic and computationally efficient way for the recovery of
shape and motion.

In [Tomasi and Kanade, 1990a} (also presented at ICCV90, [Tomasi and
Kanade, 1990b]), we showed that, under the assumption of orthographic
projection, we can directly factor the information contained in an image
stream into shape and motion. However, we made the assumption that the
camera move on a plane, in order to simplify the mathematical treatment.
In the present report, we remove this assumption.

More specifically, we show that an image stream can be represented by
a 2F x P measurement matrix, which gathers the horizontal and vertical
coordinates of P points tracked through F frames. If image coordinates are
measured with respect to their centroid, we prove the following rank principle:
under orthography, the measurement matrix is of rank 3. As a consequence
of this principle, we show that measurement matrix can be factored into the
product of two slender matrices of size 2F x 3 and 3 x P, respectively, where
the first matrix encodes motion, the second shape.

The extension from planar to arbitrary camera motion is relatively straight-
forward, as far as the computation of shape and motion is concerned. The
measurement matrix becomes twice as large, and one must incorporate the
constraint that the columns and the rows in every image arc mutually or-
thogonal.

Outline of the Report

In the next chapter we examine how our work relates with relevant results in
the literature. This review extends somewhat the one given in [Tomasi and
Kanade, 1990a).

We then show how to build the measurement matrix from a stream of full
images (chapter 3), prove that the measurement matrix is of rank 3 (chapter
4), and show how to use this result to factor the measurement matrix into
shape and camera rotation (chapter 5).

Chapter 6 describes some experiments on synthetic and real image streams,
and chapter 7 summarizes the differences with respect to the planar case.
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Chapter 2

Relations with Previous Work

In this chapter, we place our algorithm within the context of the literature on
structure-from-motion, by pointing out papers which pursue closely related
approaches, and by stating our major contributions to the field.

Some shape-from-motion algorithms address the most general problem,
others only part of it. Approaches differ in the assumptions they make about
the world, the imaging model, and the motion. They require different types
of input primitives, work on varying numbers of images, and produce different
forms of output.

We address the problem of shape-from-motion in its entirety, in that
we make no assumption on either shape or motion. In this regard, our
work can be compared with that of Thompson [Thompson, 1959}, one of the
earliest solutions to the two-frame problem, and Ullman [Ullman, 1979}, who
proposed an automated solution for four points and three frames. Our work
can be contrasted to that of Baker et al. [Bolles et al., 1987], and that of
Matthies et al. [Matthies et al., 1989), in that they recover depth from known
motion.

Heel [Heel, 1989] produces dense maps and recovers both depth and mo-
tion, but he restricts the latter to pure translation. Both Heel and Matthies
use incremental methods, where new images are processed as they become
available, while we process a whole sequence at once. This is a disadvantage
of our method, which deserves future investigation.

The only restrictions we make are the static (rigid)} world and the ortho-
graphic imaging model. Ullman [Ullman, 1984] considers a less restrictive
world model, allowing for non-rigid and rubbery motion, but is more inter-
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ested in understanding biological systems than in achieving high precision.
With Ullman [Ullman, 1979] we use an orthographic projection model, while
Prazdny [Prazdny, 1980], Bruss and Horn [Bruss and Horn, 1983], Adiv
[Adiv, 1985], Waxman and Wohn [Waxman and Wohn, 1985], and more
recently Heeger and Jepson [Heeger and Jepson, 1989] and [Spetsakis and
Aloimonos, 1989] assume a perspective model. On the other hand, Pradzny,
Bruss and Horn, and Adiv cast the solution as a general search in the space
of possible motions, which is computationally expensive, Waxman and Wohn
use second order derivatives of image intensity, which are sensitive to noise,
and Spetsakis and Aloimonos need a two-frame algorithm to initialize the
search. The work by Heeger and Jepson is discussed below.

We make no assumption about the motion, except that it must contain a
sufficiently large rotation component around the scene. Frequent limitations
in the literature are to pure translation [Lawton, 1983], [Jain, 1983], [Matthies
et al., 1989], cases where one of the motion components is known [[Horn
and Weldon, 1988}, smooth motion [Broida et al., 1990], or constant motion
[Debrunner and Ahuja, 1990]. On the other hand, Lawton, Jain, Matthies
et al., Horn, Broida et al. propose solutions for the perspective model, and
Matthies et al. and Broida et al. have incremental algorithms.

Our solution is multi-frame, and can therefore achieve a lesser sensitivity
to noise than other approaches. Ullman works with three frames in [Ullman,
1979], but extends it to an arbitrary number in [Ullman, 1984]. Tsai and
Huang [Tsai and Huang, 1984] work on two frames at a time, and Heeger
and Jepson [Heeger and Jepson, 1989] use instantaneous image velocities.

The results by Heeger aud Jepsou [Heeger and Jepson, 1989] and De-
brunner and Ahuja [Debrunner and Ahuja, 1990] are similar to ours at a
conceptual level, in that they are also based on the bilinear nature of the
projection equation. Heeger and Jepson, on the other hand, use essentially
two frames at a time, and the perspective imaging model. Debrunner and
Ahuja limit the type of motion, as said above, and use a different mathemat-
ical formalism.

We use Singular Value Decomposition as our major tool for solution. Also
Tsai and Huang [Tsai and Huang, 1981], [Tsai et al., 1982] use SVD, but only
as an intermediate technical step to decompose their "essential parameter
matrix”. In contrast, we use SVD to decompose the measurement matrix,
corresponding to an image stream, into shape and motion. Thus, SVD is
the fundamental core of our method, and is the computational counterpart

4
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to the rank principle proven in chapter 4. Thus, the relation with Tsai and
Huang is only supertficial.

'To summarize, our algorithm is general, in that it does not assume a
priori knowledge of either shape or motion, and makes no assumptions on
the latter. It assumes rigid shape, and an orthographic projection model. It
requires features to be extracted from images and tracked over time in the
image stream. The algorithm produces motion and relative shape (the 3D
coordinates of the tracked feature points relative to each other).

The major contributions of our approach are two. One is the conceptual
result of the rank principle, described in chapter 4, which captures precisely
and simply the nature of the redundancy of an image stream. The other
contribution 1s the computational efficiency and simplicity of our matrix fac-
torization method, which is based on the well-behaved algorithm of Singular
Value Decomposition [Golub and Reinsch, 1971].
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Chapter 3

The Measurement Matrix

In this chapter we show how to transform an image stream into a matrix
collecting the feature coordinates to be fed to the algorithm that computes
shape and motion. This assumes the existence of a method for tracking
features from frame to frame, which will be described in detail in report
number 3 in our series.

Suppose that we track P feature points over F frames in the image stream,
resulting in a sequence of image coordinates {(u},, Vi ){f =1,....Fp=
1,..., P}

The horizontal coordinates u’, of those features are written into an F' x P
matrix U’: there is one row per frame, and one column per feature point.
Similarly, an I x P matrix V' is built from the vertical coordinates v%,.

The rows of the matrices U’ and V' are then registered by subtracting
from each entry the centroid of the entries in the same row:

= uf —u
Ufp }fp _.f (31)
Vip = Uy, — Vg,
where

| b

us = Z ulfp

P
R
P

-Zv}p.

)

Ry —
b=
-
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This produces two new F x P matrices U = [ug,] and V = [vsy]. The

matrnx
U
v = |7

is called the measurement mairiz. This is the input to our shape-and-motion
algorithm.

Some of the features disappear during tracking, because of occlusion.
Some others change in appearance so much that they are discarded as unre-
liable. Only the features that survive from the first to the last frame are used
in the shape and motion recovery stage. In the future, we plan to investigate

how to modify our algorithm to deal with a variable number of feature points
over the image stream.

1592

OFEK07624



Chapter 4

The Rank of the Measurement
Matrix

This chapter introduces the fundamental principle on which our shape-and-
motion algorithm is based: the 2F x P matrix W of the registered image
coordinates of P points tracked through F' frames is higly rank-deficient.

The orientation of the camera reference system corresponding to frame
number f is determined by a pair of unit vectors, iyand jy, pointing along
the scanlines and the columns of the image respectively, and defined with
respect to a world reference system with coordinates z, y, and z (see figure
7.1). Under orthography, all projection rays are then parallel to the cross
product of iand jy:

k F= 1 s X j fe

The position of the camera reference system is determined by the position
of the image center, defined as the point on the image plane with respect to
which all image coordinates are measured.

The projection (v}, v},) of point s, = (x},,y;, z;)T onto frame f is then
given by the equations

iy = i (s, —ty)
v, = Jf (s, —t5),

where t;is the vector from the world origin to the image center of frame f.
We can now write expressions for the entries uy, and vy, of the mea-
surement matrix by substituting the projection equations above into the

8
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registration equations (3.1). For the horizontal coordinates we have

Ugp = Up, —Us
1P
= g (s, =) = 5 > i (s, — %)
p=1
= i5-|s), —=)> ¢
P Pp:1 P
= lif-sp,

where
1.2
—_— !
Sp = P z SP
p=1

is the centroid of the scene points in space. Thus, the fact that the projec-
tion of the centroid is the centroid of the projections allows us to remove
translation from the projection equations.

We can write a similar equation for the registered vertical image projec-
tion vs,. To summarize,

Ufp = ij " Sp (4.1)
Vfp = Jf"Sp,

where s, = (x,,,, 2,) gathers the coordinates of scene point number p with
respect to the centroid of all the points being tracked.

Notice that, in our formulation, translation and rotation are referred to
a world-centered system of reference. This is different from the camera-
centered reference system usually used for the perspective projection equa-
tions. Also, while camera rotation in a camera-centered system supplies no
shape information under perspective, translation (in cither frame) is useless
for shape recovery under orthography. This should come to no surprise: a set
of images contains shape information only if the images are taken from differ-
ent viewpoints, that is; when the center of projection moves betwen images.
Under perspective, motion of the center of projection means translation of
the camera. Under orthography, the center of projection is at infinity, and
moving the center of projection means changing the direction of the projec-
tion rays.
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Because of the two sets of F'x P’ equations (4.1), the measurement matrix
W can be expressed in a matrix form:

W= MS (4.2)

where

M=|¥ (4.3)

represents the camera motion, and
S=[S1 Sp] (4.4)

is the shape matrix. In fact, the rows of M represent the orientations of the
horizontal and vertical camera reference axes throughout the sequence, while
the columns of S are the coordinates of the P feature points with respect to
their centroid.

Since M is 2I" x 3 and S is 3 x P, the matrix projection equation (4.2)
implies the following fact.

The Rank Principle

Without noise, the measurement matriz W is al most of rank
three.

The rank principle expresses the simple fact that the 2F x P image mea-
surerments are highly redundant. Indeed, they could all be described concisely
by giving F' frame reference systems and P point coordinate vectors, if only
these were known.

Geometrically, the rank principle expresses an incidence property. In fact,
we can view the projection of point p onto frame f as the intersection of three
planes: a ”vertical” plane through s,and orthogonal to the unit vector iy,
a "horizontal” plane through s, and orthogonal to the unit vector js, and

10
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the image plane. The two projection equations (4.1) say that the ”vertical”
planes through point p belong to a star ! of planes, and so do the "horizontal”
planes.

In the next chapter, we show how to use the rank principle to determine
the motion and shape matrices M and S, given the measurement matrix W.

L A star of planes is the set of planes passing through a fixed point.

11
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Chapter 5

The Factorization Method

When noise corrupts the images, the measurement matrix W will not be
exactly of rank 3. However, the rank principle can be extended to the case of
noisy measurements in a well-defined manner. The next section introduces
this extension, using the concept of Singular Value Decomposition [Golub
and Reinsch, 1971] to introduce the notion of approximate rank.

Section 5.2 then points out the properties of the motion matrix M in
the projection equation (4.2) that must be enforced to uniquely determine
the shape and motion solution. Finally, section 5.3 outlines the complete
shape-and-motion algorithm.

5.1 Approximate Rank
Assuming ! that 2F > P, the matrix W can be decomposed [Golub and

Reinsch, 1971] into a 2F x P matrix L, a diagonal P x P matrix ¥, and a
P x P matrix R,

W =LYR, (5.1)
such that L7 = R"R = RRT = Z,and oy > ... > op. Here, T is the P x P
identity matrix, and the singular values o4, ...,0p are the diagonal entries

of 3. This is the Singular Value Decomposition (SVD) of the matrix U.

YThis assumption is not crucial: if 2F < P, everything can be repeated for the transpose
of W.

12
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If we now partition the matrices L, 2, and R as follows:

I [

L ] JEi

S~
3 P-3

ki

3 P-3

R = {i} Je

f

(5.2)

RII

N~
P
we have

LER=L'S'R + L"Y"R".

Let W* be the ideal measurement matrix, that is, the matrix we would
obtain in the absence of noise. Because of the rank principle, the non-zero
singular values of W* are at most three. Since the singular values in X are
sorted in non-increasing order, ¥’ must contain all the singular values of W*
that exceed the noise level. As a consequence, the term L"Y"R" must be
due entirely to noise, and the product L'>'R’ is the best possible rank-3
approximation to W*.

We can now restate our key point.

The Rank Principle for Noisy Measurements

All the shape and motion information in W is conlained in its
three greatest singular values, together with the corresponding left
and right eigenvectors.

Thus, the best possible approximations to the ideal measurement matrix
W* is the product

W = L'SR

13
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where the primes refer to the partition (5.2). With the definitions

M — .L’[E,P/z
§ = )R,
we can also write

W =MS5. (5.3)

The two matrices M and § are of the same size as the desired motion
and shape matrices M and S: M is 2F x 3, and S is 3 x P. However, the
decompositions (5.3) are not unique. In fact, if A is any invertible 3 x 3

matrix, the matrices MA and A™'S are also a valid decomposition of W,
since

(MA)A™8) = M(AA™HYS=M5 =W .

Thus, M and § are in general different from M and S. A striking fact,
however, 15 that, except for noise, the matrix M is a linear transformation
of the true motion matrix M, and the matrix S is a linear transformation of
the true shape matrix S. In fact, in the absence of noise, M and M both
span the column space of the measurement matrix W = W* = W. Since
that column space 1s three-dimensional, because of the rank principle, M
and M are different bases for the same space, and there must be a linear
transformation between them.

Whether the noise level is low enough that it can be ignored at this
juncture depends also on the camera motion and on shape. Notice, however,
that the singular value decomposition yields sufficient information to make
this decision: the requirement is that the ratios between the third and the
fourth largest singular values of W be sufliciently large.

5.2 The Metric Constraints

To summarize, the matrix M is a linear transformation of the true motion
matrix M. Likewise, S is a linear transformation of the true shape matrix
S. More specifically, there exists a 3 x 3 matrix A such that

A

M = MA
§ = A7'S. (54)

14
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In order to find A it is sufficient to observe that the rows of the true
motion matrix M are unit vectors, and that the first F' are orthogonal to
corresponding F' in the second half. These metric constraints yield the over-
constrained, quadratic system

o AAT, = 1
i AAT; = 1 (5.5)
i, AAT, = 0

in the entries of A. This is a simple data fitting problem which, though
non-linear, can be solved efficiently and reliably.

A last ambiguity needs to be resolved: if A is a solution of the metric
constraint problem, so is AR, where R is any orthonormal matrix. In fact,

T (AR)RFATY, = i, A(RET)ATE,
= if AATI;
= 1,

and likewise for the remaining two constraint equations. Geometrically, this
corresponds to the fact that the solution is determined up to a rotation, since
the orientation of, say, the first camera reference system with respect to the
world reference system is arbitrary. This arbitrariness can be removed, if
desired, by rotating the solution so that the first frame is represented by the
identity matrix.

5.3 Outline of the Complete Algorithm

Based on the development in the previous sections, we now have a complete
algorithm for the computation of shape and rotation from the measurement
matrnx W derived from a stream of images. To summarize, the motion
matrix M and the shape matrix S defined in equations (4.3) and (4.4) can
be computed as follows.

1. Compute the singular-value decompositions of W:

W = LYR.

15
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9.

. Define

~

M LI(21)1/2
S = (=R,

i

where the primes refer to the block partitioning defined in (5.2).

. Compute the matrix A in equations (5.4) by imposing the metric con-

straints (equations (5.5)).

. Compute the motion matrix M and the shape matrix S as

M = MA
Lg = A_‘IS.

If desired, align the first camera reference system with the world ref-
erence system by finding the rotation matrix R’ that minimizes the
restdue

100

01 0|-Rli j k|,

0 01
where the colurns of the identity matrix on the left represent the axis
unit vectors of the world reference system, 1, and j;, are the first and
F 4 1-st row of M, and k; = 1; x J;. This is an absolute orientation

problem, and can be solved by the procedure described in [Horn et al.,
1938].
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Chapter 6

Experiments

This chapter describes experiments on the computation of shape and motion.
First, the three-dimensional shape and motion computation is tested on
simulations, in order to assess the ability of the algorithm to cope with vary-
ing levels of noise and with different numbers of frames and feature points.
Second, experiments on real images are presented. The complete shape
and motion computation is demonstrated with general camera motion, for

which accurate ground truth was measured with a mechanical positioning
platform.

Simulations

In our simulations, we generated points in space randomly within a cube,
with uniform distribution for each coordinate. We simulated camera motion
with the camera always keeping those points in the field of view. Because of
the assumption of orthographic projection, the distance between the camera
and the object cannot be computed by the algorithm. Instead, the algo-
rithm computes the remaining components of translation, along the image
plane, in the registration phase (equations (3.1)) and the rotation of the
camera around the centroid of the feature points. As discussed in chapter
4, under orthography, only the rotation component contains shape informa-
tion. Consequently, we ignore the translation. In the simulations, rotation is
characterized by equal amounts of pitch, yaw and roll. We added Gaussian
noise to the images with various standard deviations, in order to test the

17

1602

OFEK 07634



robustness of the algorithm.

Figures 7.2 through 7.4 show the simulation results. In each pair of
graphs, the first shows the shape error and the second shows the rotation
€rror.

The shape error is defined as the root-mean-squared error on the com-
puted point coordinates, averaged over all points, and divided by the side-
length of the cube.

We measured the angle distance between true and computed rotation as
the smallest angle necessary to make the two rotations coincide. The rotation
error is then defined as the root-mean-squared angle distance error, averaged
over all frames, and divided by the total rotation angle.

The effect of image noise is shown in figure 7.2 for three different point-set
sizes. For the curves in these two figures, the camera motion was 30 degrees.
For the noise levels in the abscissas we assume a 512 x 512 image. Similar
diagrams are shown in figure 7.3, but for varying stream lengths. The total
camera rotation was kept at 30 degrees, so shorter streams correspond to
greater motions between frames.

Figure 7.4 shows the effects of the total angle of rotation. Both the
number of points and the number of frames were set to 50, and plots are
given for a few different image noise levels.

Qualitatively, the diagrams show what we would expect: errors increase
with more image noise, fewer points or frames, and a smaller range of viewing
angles.

Quantitatively, we observe that even for noise values as high as three
pixels standard deviation the shape and motion errors are less than one
half of one percent. This is demonstrated again in the next section, which
describes experiments on real image streams.

The noise we found in practice with real streams is on the order of a tenth
of a pixel. The simulations show that for those noise levels we can expect

good performance even with as few as ten points and viewing angles of five
degrees.

Real Image Streams

In this section we describe an experiment on a real stream of images of a
small plastic model of a building. The camera is a Sony CCD camera with a
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200 mm lens, and is moved by means of a high-precision positioning platform.
Figure 7.5 shows the setup. The motion of the camera is such as to keep the
building withing the field of view throughout the stream. Some frames in
the stream are shown in figure 7.6. Camera pitch, yaw, and roll around the
model are all varied as shown by the dashed curves in figures 7.12 through
7.11.

Figure 7.7 shows the trajectories left by a subset of 50 features tracked
through 150 frames. For feature tracking, we extended the method described
in [Lucas and Kanade, 1981] to allow also for the automatic selection of image
features. We will describe the method in report number 3 in our series. The
entire set of 430 features is displayed in figure 7.8, overlayed on the first
frame of the stream. Of these features, 42 were abandoned during tracking
because their appearance changed too much. The remaining 388 features are
displayed in figure 7.9, superimposed on the last frame of the sequence.

The solid curves in figures 7.10, 7.11, and 7.12 compare the rotation
components computed by the algorithm with the values measured mechan-
ically from the mobile platform. In each figure, the top diagram shows the
computed and the measured rotation components, superimposed, while the
bottom diagram shows the difference between the two.

The errors are everywhere less than 0.4 degrees. The computed motion
follows closely also rotations with curved profiles, such as the roll profile
between frames 1 and 20 (figure 7.11), and faithfully preserves all disconti-
nuities in the rotational velocities. This is a consequence of the fact that no
assumption was made on the camera motion: the algorithm does not smooth
the results. If the rows of the measurement matrix were permuted, thus sim-
ulating a camera jumping back and forth, the computed yaw, roll, and pitch
values would be permuted correspondingly, yielding discontinuous plots.

Between frames 60 and 80, yaw and pitch are nearly constant. This
means that the image stream contains almost no shape information along
the optical axis during that subsequence, since the camera is merely rotating
about its optical axis. This demonstrates that it is sufficient for the stream
as a whole to be taken during non-degenerate motion. The algorithm can
deal without difficulty with streams that contain degenerate subsequences,
because the information in the stream is used all at once in our method.

We are not yet able to account for the residue error of about 0.3 degrees
in the yaw and pitch components. This might be due to lens distortion,
errors in the determination of the camera’s aspect ratio, poor calibration of
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the mechanical measurements of motion, or errors due to our algorithm.

The shape results are shown qualitatively in figure 7.13, which shows the
computed shape viewed from above. The view in figure 7.13 is similar to
that in figure 7.14, included for visual comparison. Notice that the walls,
the windows on the roof, and the chimneys are recovered in their correct
positions.

To evaluate the shape performance quantitatively, we measured some dis-
tances on the actual house model with a ruler, and compared them with the
distances computed from the point coordinates in the shape results. Fig-
ure 7.15 shows the selected features superimposed on the first frame of the
sequence, with the number assigned to them by our feature detection al-
gorithm. The diagram in figure 7.16 shows the distances between pairs of
features, both as measured on the actual model and as computed from the
results of our algorithm. The results of the algorithm were scaled so as to
make the computed distance between feature 117 and 282 equal to the dis-
tance measured on the model. Lengths are in millimeters. The measured
distances between the steps along the right side of the roof (7.2 mm) were
obtained by measuring five steps and dividing the total distance (36 mm)
by five. The differences between computed and measured results are of the
order of the resolution of our ruler measurements (one millimeter).
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Chapter 7

Conclusion

In this report, we extended our factorization method for the recovery of shape
and motion from a stream of images to unrestricted camera motion.

We were initially surprised to observe that the algorithm performs better
in three dimensions than in two, in the sense that its performance degrades
more gracefully as the number of frames and/or feature points decreases, or
as the range of viewing directions becomes smaller.

A posteriori, however, this fact is easy to explain. If the camera motion
contains both pitch and yaw, then shape can be recovered from either the
horizontal or the vertical image coordinates. Computing shape and motion
from both sets of measurements at once is an additional source of redundancy,
which 1improves the performance. In other words, the measurement matrix
1s of rank three, but only half of it is necessary in principle. In a related
context, the learning of shapes from images, Poggio says it succintly: 1.5
snapshots are sufficient” [Poggio, 1990] to recover the structure.

In practice, going from two to three dimensions, the additional difficulties
in the method are two. First of all, one has to know the aspect ratio of the
camera pixels in order to write the measurement matrix. Of course, this was
not necessary in the planar case. However, this 1s a simple calibration to
perform.

Secondly, and much more importantly, features are harder to track in a
full image than in a single scanline. Our tracking method, based on previ-
ous work by Lucas and Kanade [Lucas and Kanade, 1981] yielded accurate
displacement measurements. Although there may be situations where the
algorithm can fail, we did not encounter any in our experiments. We will
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discuss the features selection and tracking method in report number 3 of our
series.
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Figure 7.1: The image and world reference systems.
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Figure 7.2: Relative shape and rotation error versus image noise for three

different point-set sizes. Gaussian noise standard deviation figures assume a
512 x 512 image.
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Figure 7.3: Relative shape and rotation error versus image noise for three
different stream lengths. Gaussian noise standard deviation figures assume
a 512 x 512 image. Shorter streams correspond to greater motions between

frames. See text for details.
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a 512 x 512 1mage. See text for details.
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Figure 7.5: The setup used in the experiment. The drawing is not to scale.
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Figure 7.6: Some frames in the stream.
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Figure 7.7: Tracks of 50 randomly selected features, from frame 1 to frame
151 of a real stream.
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Figure 7.8: The 430 features selected by the automatic detection method,
shown superimposed on the first frame of the stream.
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Figure 7.9: The 388 features surviving tracking through 150 frames, shown
superimposed on the last frame of the stream.
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Figure 7.10: Results for the camera yaw. The top graph shows true and
computed camera yaw, superimposed, versus the frame number. The bottom
graph 1s a blow-up of the difference between the two plots. The rotation is
around the centroid of the feature points.
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Figure 7.11: Results for the camera roll. The top graph shows true and
computed camera roll, superimposed, versus the frame number. The bottom
graph is a blow-up of the difference between the two plots. The rotation is
around the centroid of the feature points.
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Figure 7.12: Results for the camera pitch. The top graph shows true and
computed camera pitch, superimposed, versus the frame number. The bot-
tom graph is a blow-up of the difference between the two plots. The rotation
1s around the centroid of the feature points.
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Figure 7.13: A view of the computed shape from approximately above the
building (compare with figure 7.14). Notice the correct location of the walls,

400.00

the windows on the roof, and the chimneys.
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Figure 7.14: A real picture from above the building, similar to figure 7.13.
This figure and figure 7.13 were not precisely aligned, but are intended for
qualitative comparison.
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Figure 7.15: For a quantitative evaluation, distances between the features
show in the picture were mcasured on the actual model, and compared with
the computed results. The comparison is shown in figure 7.16.
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Figure 7.16: Comparison between measured and computed distances for the
features in figure 7.15. The number before the slash is the measured distance,
the one after is the computed distance. Lengths are in millimeters. Corn-
puted distances were scaled so that the computed distance between features
117 and 282 1s the same as the measured distance.
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' YRTRODUCTION:

This report discusses the use and availabiliry of the FIRE YOUSE TRAP (EMT)*
systen for mapping fiz:s of amy size from a helicopter or small fixed wing
aircraft- The concerz sas first suggested in 1984,(1) It vas fizst used
operationally during —ze 1985 fire season by the State of Alaska, zounted on a
T-28 airczafc.(2,3) Xt was used extensively in 1986, both in Alaska and che
"lower 48", in Rl, R4, and on BIM fires in Nevada. It bas heen used in
subsequent years in Alagka, RS, R6, and R10, all of which have their awn
capability. It is available far use by tha Forest Service or other agencies as
a portable system which can be installed on any helicoprer or lighr aircrafc
whirh is equipped with a compatible LORAN-C anrenna. All other airborme
equipment can be brought in and setr up in about 30 minutes for inirial
operation, in vhatever aircrafr is available around the Incident Command Post
(ICP). (The Alaska T-28. equipped with the FMT and crew can also be made
available, subject to their stace fire situation, to assist other agencies in

Alaska or tha "lower 48%.)

FIRE MOUSE TRAP SYSTEM DESCRIPTION

This new approach to fire mapping uses a small Forward Looking InfraRed (FLIR)
unit mounted on a helicopter (or small fixed wing aircraft) with a monitor in
view of the pilot. The pilat uses the FLIR display as a guide to assist in
flying around the ourside edge of the fire perimeter. Visual observations are
also used and a color video camera may be mounted beside the FLIR as an
additional aid for viewing the fire perimetar. LORAN-C or a satellite
positioning system, such as the Global Positioning System (GFS), periodically
(every two.or three seconds) updates the aircraft positiom in laritude and
longitude. (NOTE: At this time the satellite poaitioning systems are not quite
ready so LORAN-C is used to gather the latitude and longirude points.) Those
position points are stared in a small, lap—siza, personal compurer (PC) which
iz used as the programmer—controller. Upom completion of the perimeter flighe,
the PC is taken to the ICP. connected to a pen plotter, and the perimeter is
directly plotted, to scale, onto the paps beiag used at the fire or om
overlays. There is no need for inwarprstation or distortion correction as is
necessary for film imagery produced by the IR line scamners. Spot fires inside
or cutside the main fire perimeter are also stored and plotted. The FLIR unizts
are used, primarily, only to identify the fi-» perimaster for the pilot, but the
ELIR video is recorded on a standard VHS VCI for subsequent playback and review
of any gselectad portion of the fire lins ac desirad. Tha video will alse
provide much mare detail of selecred areas than is available from line scanner
£ilm imagery. The latizude and longitnde coordinates are displayed on the FLIR
video. Night £lights could be made, (subject to approved FS night operatiomal
methods in use or developed.) The airborne system consists of a FLIR (suckh as
the Inframetrics #445), a LORAN~C antenns and receiver, video captiorn uamit, and
a2 lap-top PC. A color TV camera could be added as am optiom. The ground
system consists of a2 plotter, the game type of PC, and the VCR and video
monitor for playback of the FLIR video.

*Flying InfraRad Enhancad Maneuverable Opaerational Ucer Simpla Elacrtronic
Tactical Reconnaisance And Patrol. A complex but "catching” acronym.
Alaska called it TROLL for Thermal Recorded Observation and Loran Locating.
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The system pay also use an airborme tramsmitter and ground receiver o tsansmit
the fire perimeter points back to the ICP as the helicopter or 3irplame is
Flying over it, if the time advanrage is worth while. Note that a heliport is
usaally located im close proximity to ICPs giving a distinct advantage to
physical delivery time compared to fixed wing. Withian the next §~10 years
mobile (including airborze) satellite voice—grade communmications will be in
comnon use so tranmsmission will be available anyway, probably without the need
f for any special equipment. Until the mobile satellite commnications
: cagability is availabla, transmission of the perimecer data to the ICP cam be
aceomplished using a voice—grade radio and packet controller. .The transmission
system has been developed and tested but bas seen only limited operational use.

ADVANTAGES:

The advantages over traditiomal IR lise scanner mapping methods include
availability, user control, flexibility, cost, timeliness of information, and
use of system elements for other purposes. FLIR's can be used for other fire
and non—fire uses, whether used in the FMT configuratiom or aot. Chuck George
has used FLIR's in Operational Retardant Effectiveness (ORE) studies and
concluded that they could provide valuable information to firae managers during
retardant drops on wildfires.(4) FLIR's have also been used for mop-up,
prescribed burns, close—up fire lipe surveillance, and detailed quick look of
selected areas. LORAN~C is useful as a navigation instrmment for aireraft and
wag used by Region 4 in a flight following system for near Teal-time tracking
of aircraft en—route o in remote areas.(5) The FMT has alio been used for
mapping other areas of interest such as insect or disesse dahage. Areas thar
can be seen visibly do not need to use the FLIR capability but the EMT provides
: a fast and accurate means for pogitively locating points or areas of amy siza.
: Law enforcement applications have been axplored.

]

. CONSIDERATIONS:

The EMT has many advantages, some mentiomed above, for both fire and other
applicacions. However it is limited for large area fire detection missions
becauge of the smaller field of view than the line scanners. (For perimeter
zapping they are nor restricred by the size of the fire or other ares of
inrerest.) For smaller ares detection or to augment visible detection methaods
they are very good. A major advantage is their ready availability and fast
response time compared tc :ie normsl line scanner operations, The FMI's can be
cwaed by the regions and ised on contract helicopters under local control of
the incident or the region. The FLIR's provide fire personnel with a
capsbility for thermally viewing the perimerer or any area of interest showing
bot spots and areas which cancot be seen visibly. At the same time they can
store the locations for plotting and record the video, with location
information and voice annotation for subsequent playback. review, and

analysis. This is all accomplished by cthe region's own tzained operators and
does not require oucside support and specially trained incterpreters.  The FMT is
also very valuable for close-up looks at portions of the fire perimeter to
detexzine whether coantzeol lines have been c¢rossed or hot spots adequately

supprassed.
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COSTS:

Airborne:
; Inframetrics Modal 445 FLIR* $45,000.
: Monitor, VCR, Pwr.Sup., Integration* 2,000.
Arnav Mod. 15 with RS232C (LORAN-C)* 1,500Q.

Portable (Lap-size) PC 2,500.
| Video Caption Generator 3.800.
1 Color TV Camera (Optional) 2.000.
| Basic system Total (Airborme) $48,000.* 8,300.
J *Itens may be included in centract helicoprer
Ground:

Y Houston Instr. Mod DMP-56 Plotter $ 6,000,
Portable PC 2.500.
; VCR & Monitor ’ 1,400,
; Basic Total (Ground) R $ 9,900.
5 Total, exclusive of *items 18.200.
i Total, incloding FLIR equipment and LORAN 66,200,
, Training: Transportatiom (£rom Boise) and per diem for two people for 3-4
] days. . -

' IMPLEMENTATION:

.Regions (or ather umirs) procure above equipment with tecbnical support far
‘procuremenr from the FSAM Advanced Electronics Group (AEG) at Boise. Equipment
will be zeceived and acceptance tested by AEGC ar Boise lab.. Equipment will
then be delivered to Region and training provided. Region recains and operates
equipment thereafter, year-round, under the coatrol of the trained Regionmal
operators. AEG provides techaical support and training. FLIR umits requize an
annual inspection/calibrarion at AEG lab in Boise. Contract helicopters wich a
FLIR capability may be available, eliminaring the need for procurement and

handling of the FLIR unit.

John Warren

Klectronics Engineer

» F&AM Advanced Electronics

| : 208-389-2653 FTS~-554—-2653
DG-J.Warren:W02A
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Mapping Fires with the FIRE MOUSE TRAP
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Dasktop Mapping with Personal Computers

» INTRODUCTION

IGHTAL IMAGE PROCEFSING for use in remote sensing, pho-
logrammelry, geographic information systems (GIS), and

educatiin has been constrained by the cost of hardware/soit-

ware, femplexity of available software packages, and Hmita-
tons iy hardware functionality and display technology. Over
the last few years, for example, a number of personal computer
(PO} siftware packages for image processing have been placed
on the pommercial market. However, only the more expensive
packagps (> $10,000) were orented toward planiinetnic map-
ping aid none provided the capability to derive terrain slevar
tions fiwn sterecimage data in digital formats or were truly
eompalible with existing G5 software. Consequently, a research
projectivas inttiated o develop a low cost, user friendly spping
softwate package for POs with intel S80286/80086 microproves-
sors, The following goals were established:

¢ Didmonstrate the feasibility of using off-the.shelf 11Cs with fath
sgnoscopic andd <doreoscopic imnage data for planimetric; topographic.
ardd thewatic mapping tasks,

siice the complexity of mage processing and mapping tasks by

turing ey aperations in pull-down menus.

Ligk raster image progessing to veclor mapping and GI8 applica

NS,

* Mike mapping otiented image processing fechnologies available
tofeducators and scientisty concerned with problems in agrichl-
tute, cartography. eoofogy, forestry, geography, hyvdrology, et

wide a path for PC software developments that will eventually

trfefer remnie sensing. photogrametry, and G5 from highly
cigheed, costly technologies o 2 broad-based user community.
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pull-down menus) and take advantage of display and speed
enhancements. These advances in technology have enabled the
development of the Desktop Mapping System {(DMSE® (Welch,
1987).

The DMS was first exhibited in Baltimore, Maryland at the
1987 ASPRS-ACSM conference, where major commercial exhibi-
tors and government agencies were attracted by the ability to
guickly derive contours and wpot heights using both interactive
and automated techniquet on a 1C In November 1988, a short
course Deskop Mapphyg with SPOT Image Date, was sponsored by
the Center for Remote Sensing and Mapping Science {URMS),
University of Georgla, and $POT Image Corporation. This short
course revealed that many individuals having lirmited skills with
PCs. no photogrammetric background, and only cursary expe-
rience with digital image processing could, with & few hours of
practice, measure X, Y, and £ terrain covrdinates 1o an accuracy
of = 1 m {= 1 pixel). This accuracy is comparable o that
achigved by skilled photogrammetrists with analytical plotters
or very sophisticated computer systems (Koneony of al. 1987,
Sharpe, 1988}

In this paper, an effort i3 made to describe those image
processing functions of the DMS which allow the preparation of
planimetric, thematic, and topographic map products using an
off-the-shelf PC in an office environment. However, while at-
teniiion is given to hardware requirements and to the speed and
functionality of the DMS for rectification, vector-on-rasler over-
lay, merging of multiresolution data, and thematic classifica-
tion, emphasis is placed on those unigue aspects of the OMs
which facilitate topographic mapping. three-dimensional ter-
rain represeniation from shereoscopic image data, snd integra-
tion of image processing and GI8 functions. Dnly recently have
three-dimensional mapping and integrated image progessin:
G5 applications on a PC been given serious consideration.

HARDWARE CONSIDERATIONS

The selection of a PC for digital image processing applications
should be based on cost, performance, and display techniology.
Today, complete computer systems which operate under M3$-
pOSs and utilize BI2SEWIABS microprocessor technology can be
puschased for $2,000 to 310,000, Typical machines include the
M P52 series (Model 30-388 and higherl; Compag 286 and
386 series; Dell 228, 310, snd 325; and many others.

Processing speed is critical for computer intensive tasks such
as geocoding (iLe., rectifying), automatic steregcorrelation, and
perspective view generation. An 80386 machine operating at a
clock spevd of 20 10 25 Mz {e.g.. Compay 386-20 and 386-25;
Diell 310 and 335) will have & 2% to 3x advantage in processing
time over an 88286 machine {e.g., 186 P82 Model 60} operating
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at 10 MHz ~ assuming the required {BUIBT/AM287} math co-pro-
cessors operate at equivalent speeds. This advantage becomes
significant when rectifying or deriving elevations for large data
sets (Figure 1} In order to take full advaniage of inherent
processing speeds, disk caching and a disk access of less than
3¢ milliseconds are desirable.

Recent improvernents in display techuology bave removed
sigrificant impediments 1o low cost image processing. Indial
development of the DMS was underiaken on an IBM POAT
Frofessional Craphics System (6 Mz} with 840K of Ram. This
development platform was subsequently replaced by an IBM PW
2 Model 60 (10 MHz) with 85144 adapler and 8514 display,
permitting either &40 by 480 or 1024 by 786 pixel resolution in
256 colors {from a 258K calor palette). At these resolutions, the
pixels are square {1:1 aspect ratio) giving equal scale in both the
¥ and y directions, and fine enough to ensure smwoth vector
representation - important considerations for both mapping snd
IS applications. .

For plandmetric mapping and thematic dassification, the stan-
dard 540 by 480 by 16 colors VGA display of most PUs will pro-
vide an excellent black-and-white rendition of single barud digital
fmiages and a very usable threeband color image. For tapo-
graphic mapping from a stereopair of digital images, an 8-bit
display is required fo ensure perception of 3 smooth, tontinu-
ous surface and permdt the display of vecior overdays.

The 256 colors required for sterepimage display at 640 by 480
or 1024 by 786 resclution can be realized with the 1aM Display
Adapter 85144 used in conjunction with any of a number of
i 8514 compatible displavs that bave revently entered the
market (Rosch, 1989}, However, the 8314/A adapter is desigred
for the 1BM P52 fine of computers featuring microchannet ar-
chitecture. To achieve comparable display reschition with
A% and muost 80386 based machines {e.g., Compag, Dell), 2
third-party product such as the new Enertronics Research, Inc,
Aurora 1024 board with full 8514 compatibility can be installed,
A compparison of 4-bit and 8-bit black-and-white and coler v
ages is presented in Plate 1,

PLANIMETRIC MAPPING AND MAP REVISION

Most mapping and GI5 operativns require that the image data
be referenced W a standard rectangular coprdinate system such
as the Lniversal Transverse Mercator {(LTM} or State Plane sys-
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temns i commen use throughout the United States Snyder,
19825 In order to obtain correspondence bebwesn the image
and map coordinate systems, a minimum of four ground control
points (GCPs) located in both coordinate systems are used to
vectify the image (Figure 2).

Map covrdinates for the GCPs may be endered from the key-
board or digitized directly from a reference map with the DMS.
The image locations of GCPs are determined by using the mouse
to precisely position the on-streen Cursor on a X or 4X
smouthed enlrgement of the GCF image location, praviding
image coordinates to the nearest 8.5 or .25 pixel, respectively
{Figurs 2a). Determination of image coordinates to a fraction
of 2 pixel governs the accuracy to which the image can be
geovoded-an important consideration for GIS applications
{Welch ot al., 1985). ;

A least-squares solution of pelyncmdal equations is ther im-
plemented to viekd correction eoefficients and to determine 2
root-mear-square error (AMSE) indicating the fit between the
image and ground Iocations of contred points (Figure 28}, Noe-
mally, an RMSE value of = 0.3 to = L0 pixel units can be
obtained with $POT and Landsal mages. Apploation of the cor-
rection coefficdienis on a pixebby-pixel basis vields a georoded
product, resampled {with cubic convolutiorn, bilinear, or pearest
neighbor algorithms} to a pixel dimension of the usery choice
{Figures 2 and 3}, Om an 83386 machine operating at 23 Miz,
rectification {with cublc convolution resampling} proceeds at 3
rate of about 2500 pixels per second, produding a 512by 483
geocoeded kmage o map file in approximately 1.5 minutes {see
Figure 1) §

By definition, 2 geocoded image will register o digital plan-
imetric map files. However, [his registration elso can be pohieved
withou! resgmpling the image file. With the DMS, the cofrection
eoefficients discussed above are antomatically applied to vector
fites digitized from corresponding maps, thus prisuring thelr
registration as pverlays 1o the original, unmodified raste image.
All image coordinates transkrmed by the coefficient file are
stored on disk as ground or map coordinates, facilitating their
use for mapping and GIS applications. The sbuve procedures
are efficient and eliminate the need for pixelby-pixet roctifica
gon. They also provide the nevessary mechanism for registering
pe ARCANPG, USGS Digitat Line Graph {DLG), and AutolaD files
o the image data.

PR3 WME0 TELL 3D

Pz 1. OMS rechification raies on M PR and Dell personal computers, Al computarg
vensre squinped wikh feciory instated hard dishs and 80287 or BU387 malh oopronessars.
Processor spasds are § Mz (AT), 10 Mz (M30, M60). 16 MMz (MBO). st 20 Atz
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Panchvomatic 10m Multispectral 20 m

Grrsriresresses:

8-bit 1024 X 768

Frats 1. Comparison of DS 4B and S-bit image displays of Savannah, Georgra. Uriginal data are 8007 sanchromatic {10-m) and mulispectal
{20-) images.
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-
# True X TrusY EstX EstY Error
1 742302 3755318 742301 3755314 382
2 743768 3754825 T43TI0 3754830 544
3 T4G056 3758086 745054 3758085 208
4 730820 ITERTIH V8821 IVGETZ 638
5 739751 3755660 73QTS0 37S5E61 151
§ 738603 3756582 736600 3ITOG588 408
7 741072 37578587 T4I07E 3757881 6.24
RMSExy {0.48 phels) 458
AW o

{

iz 2. Sleps i geccwding satefite image data. (&) SPOT panchromalic image {10 m) of Aflanta, Georgla with annctated control points di:}_:z{ayed\
Note grlargement window for refinement of contraed point jocation; ) computation of rectification cosfficients and residual planimetric sror, i<} area

o be restifisd {in box); {d} geoceded image al 8-m pixed resolution,

Mar COMPRATION AND HREVISION

Map compilation and revision from digital data sets require
proviston for overley of existing vector files, enlargement or
reduction of images, an ability to create vector files with attached
attrtbutes from raster image dats, and & method for editing the
veotor files in dightal format Userv and Weleh, 1989}, In addition,
because of the avallability of digital image data at resolutions
ranging from greater than 1000 m to less than 10 m recorded
by a variety of electro-optical and electronic sensors {e.g.. NOAA
AYVHRE; Landsat M85, TM; SIR-8 SPOT HRY), i is hmportsnt to be

1637

able to merge multisensor, multiresolution, multiternporal image
files to create a compesite image of improved resolutioh from
which imporiant map features can be extracted {Schowangerdt
¢t al., 1954 Chavez, 1986). With the DMS, image files aré easily

merged wsing an intensity-hue-saturation (8} algorithm {Welch
and Ehlers, 19873,

The planimetric mapping capability of the DMS was used to
revise & DI2000-scale wiility map of 2 section of the Atlanta
metropolitan ares (Figure 33 A rectangular & by § kel study
area was defined on panchromatic and mulispectral $POT Images
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for a given class. slatistics genevated, and 2 para He t§ep‘:ped clas-
sification -n}§?§§‘:ﬁ~°!‘i§t‘d by color coding the tmage pixels. This
procedure {s then reps%ats*d for each class untll complete, it is
p@mﬁb e i intevrupt the classification in order to rectify mis-
takes by mndmﬂ\f\m;\ features. Also, if desived, the bound-
avies of roublesoms arsas can be outlined and known classes
overwritters. The unclassify and overwrite options pmvadﬁ CON-
siderable flexibility and when properly used ensure a classifi
cation of high aceuracy. For a 312 by 480 image and four bands,
a complete classification cycle {nathine training sels, select the
class name, and classify} requires about 30 seconds o a FC
operating at 30 MHaz. I required, vediors may be overlaid on
the clssified image using the planimetnc mapping opbon.

TORGORAPHIC MAPPING AND TERRAN
REPRESENTATION

The mms-Sterevgraphic Modude is the first PO software packs
age that permits the interactive measurement of Z-terrain co-
ordinates {tontouring and spot heighis) from sterecimage Jdata
in chigital formats, generation of digital elevation models {DEMg}
by automated stereccorrelation, creation of perspective terrain
models, and the development of arih wimages. These capabili-
ties are discussed in the following paragraphs.

ITERACTIVE TONTOURING

fr order o contour a stewapain it is necessary o peroeive
the terrain in three-dirnensions. This can be accomplished through
the use of anaghyph, polarizing, binooalar, or Squid i:ryf;iaﬁ shutter

display techniques that ensure the left and righteves view only
the comesponding images of the stereopair. With the DMS, an
anaglyph display iec*msque is normally employed, requiring
the user (o wear eveglasses with red {left} and blue {fight} §§‘Y3\§‘$.
Although an anaglyph display may be (0315&ih€53‘@\'§ an Told”
technique, it can be implemented on standard eolor monitors
without the addition of expensive ;&T}c\t\t memory boards oy
special aitachments. The intensity and Hhumination fall-off
problems that have plagued ?mdstmrmi photogrammetric
watruments are not experienced with a computer moniar. Thus,
it s feasible to undertake *napgim‘ apgraicﬁm in a normally it
rooin. By taking advantage of the d igital enhancement capabiliies
of the M3, it s possible to guickly produce images of optimal
contrast for stereg viewing.

An glternative approach to the anaglyph display of stere &"-mpn
images involves the use of the new Hguid orystal shutter
technology as represented by the Tektronix SGI 430 mci 626
sysiems. These shatlters are controlled by a Stereoscopic Graphic
Adapter card mounted in the PC and pr»\uum cireudarly polanaed
images at a frequency of 130 Hz wi nm are viewed ﬁhmuah
polarizing gatws The liguid crvstal shutter display provides a
comfortable, high » esolution vsew;m\ em;mnn\em well suited
for the display “of all types of ;:dmhmmam and wmultispectral

fnage data, zm‘mdmg non-lopographic images recorded by
scanning electron microscopes (SEME) and X- Tay machines.
Although the addition of the Hauid crystal shutter significantly
increases the cost of the hardware components, this cost is
insignificant compared to that of digital stereoplotiers now
b&;,zmura o enter the market {Cogan of @, 1988}

n practice, the two images of the atw@apmr are rectified to
3 common detum and one of more reference elevation potnis
are identified. These reference points are nsed to “calibrate”
the stereomadel. Elevations are measured by means of a floating
dot, in precisely the sarme manner as w ah a conventional analog
or analytical siereap'&iigr However, the Z-motion is conirolied
with the arrow keys on the compter heyboard and planimelinc
motion is implemented with the mouss. If desired, &he
steregimage can be en Eamed ar reduced up to 3x (b about 1
seconds), however,; enlarging the digitel image %wyami Ax J(?Qs

1639
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not seem to facilitate contouring or heighting. The abilty to
reduce the scale of the displayed image is very useful when
viewing mountainons terrain at base-to-hel ight iiif,“; ratios
approaching 1O, In these instances pazaﬁiax too large to be sually
permived i also reduced, enabling the observer to obtain 2
clear, three-dimensional mage.

The precision and oltimately the acouracy to which &
coordinates can be determined is controlled by (1) the BN rafio
of the stereopair, (2} the pixel resohution, and (3} the stersoscopic
acuity of the user or the sensitivity of the correlation technigque,
With satellite magery, geometric s;uaisiv is excellent dug fo the
inherent stabifity of ihe sateliite and the systematic comections
introduced to the data. Emags: deformations, at least for ss.{%sss‘*m%
size datasets on the order of 1024 by 1024 pixels or less, do not
appsar fo be a significant pm;s%em Thus, §‘“ss.> comnpter infensive,
sophistivated sm‘ivtscsi photogrammetric reatztubi}n techiniques
employed with aerial ps“-.i’%iﬁj:‘:?-a;)ﬁ:s are not reguived o dchieve
acceptable measurement accuracies with Landsat or $POT mwfge&s.

The theory of deriving E-coordinates from sateliite Im@ages In
digital format has been 2 subject of considerable discussion {Welch
and Marke, 1981; Welch, 1985; Bodriguez of al.. 1%&& With
sateliite sensor systems m;h as the pointable HRVS of 3FDT, the
general Q:gu:s*mn for determining the differesce In devam\n {4k
betweern two points is :

H-Adp
Al se s
&
. A p
tan o a0 @

H
where H = the inverse of the BH ratio. L is computed from
the incidence angles {o} noted in the SPOT header
records for the two scenes forming the steseopalr.
The B/ ratio is equal to fan oy + B0 oy
A pe=the difference in paraliax between the twa points

The &k values when added to the known Z-coovdinate fov a
contral point or reference point in & screen-sined ared, yield
absolute slevations {2} referenced to mean sea fevel. That is,
assuming no deformation in the sterectmage;

Em T+ AR

where 2, = the Z-coordinate for 2 reference polat of known
slevation. “E“‘w pixel resclution establishes the measubement
thrashold for ;ish

Thus, for a stereopair of SPOT g:wmchmmam maé,eﬁ (w m
mtsoiu*mn‘ recorded at & 8/H ratio of 1.0; a measurement erroy
of = 1 pirel will cause an equivalend ereor {2 10 m} in the &
wmdmats, Reduction of the B/H ratio will produce a
proporfionate increase in this error. Tonsequently, ¥ ratios
of about 1.0 are desivable for areas of Hat to rolling terrain,
whereas values of approximately 8.5 to 0.8 are better sulted to
mountainous regions where larger contour intervils are
aﬂg,mm':afs,

Tests of contouring and spot height sccumcies with the DMS
have produced excellen ircwiﬁg Terrain profiles developed from
contours compiled with the DMS at & B-m interval from SPOT
panchromatic images (H = 0.57), and from a USGS i@pagrapﬁm
map {C1. = 40 feet) of the same areq, agreed 1o withih = 1
m md = 15 m, respectively (Figure 4). Comparisons of slevations
measured from SPOT panchromatic sterecpairs having 84 ratios
of 0.9 and 1.0 with slevations dertved from mpggmﬂbm maps
of 124,000+ and 10 000scale vielded msE, values of about
+ 10 m. As map errors arg included in these §1§;J!‘s‘33, it is gvident
the PO/DMS combination does provide heighting tapabilities
approaching those obtained with sophisticated analytical plotters
nr commpuler systams which are an order of magnitude more
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m afid = 15 m were obtained for profiles (a) and {b), respectively.
expengive (Gugan and Dowman, 1988). Of much greater

signifigance, however, is the ability of the novice user to achieve
acceptdble measurement accuracies and to rapidly contour the
terrainjafter only a few hours of practice.

The #bove approach also has been successfully used to develop
contowys from scanned aerial photographs (Figure 5). However,

DESKTOP MAPPING WITH PERSONAL COMPUTERS
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I
%3

the tradenffs beheeen data volume, pixel resolution, measurement
accuracy, and display resolution become a major problem when
warking from aerlal photographic data in digital formats. For
example, in order to capiure the resclution of a stereopair of
mapping photographs, i is necessary to scan thum {or at least
the stercomodel} at a pixel resoluion of approximately 25 pm,
creating a data set of about 85 Mbytes/photo or 88 Mbytes!
stereomodel. With a siereopair of 1:80.0008-scale aerial
photographs scanned at 25-pm resolution (2 m on the ground),
a 2- by 2-km patch of terrain will be visible on a 1024 by 1024
display. At 2-m resolution, heighting errors of about = X0 =
% m can be expected. Although the trend toward all digital
photogrammetry is clear, it is equally evident that problems of
data capture, storage, and display require attention,

STEREOCORRELATION

Stereocorrelation is a computational procedure utilized to
automatically derive terrain elevations from digital images
(Ackermann, 1984). When a stereopair of images rectified to a
common datum are placed in register, the residual planimetric
differences in the x-coordinates are assumed to result from relief
displacement and can be determined by automatic correlation
techniques (Ehlers and Welch, 1987). Differences in x-parallax
may then be used to derive relative elevations or height
differences, which when referenced to one or more GCPs of
known elevation as described above, yield the absolute elevations
required to form a DEM. The DEM is a fundamental requirement
for the generation of contours, slopes, aspects, 3-D perspectives,
and relief-corrected orthoimages. Recent experiments with
sterepimages have confirmed the ability to achieve correlations
to within = 0.3 to * 1.0 pixels (Rosenholm, 1986; Simard, 1988).

Stereocorrelation, however, is a very computer intensive task
that until recently was viewed as suitable for only the most
powerful minicomputer systems. With the DMS, stereocorrelation
speeds of 30 to 60 pixels per second are routinely realized on a
Dell 310 PC operating at 20 MHz (Figure 6). Thus, assuming the
use of SPOT images of 10-m resolution, a grid of points at 50-m
spacing can be computed for a 1024 by 1024 image in less than
25 minutes. Because stereocorrelation is undertaken as a batch

e S
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job, the operator may, if desired, implement this task during
off-peak hours. The completeness and accuracy of the DMS
stereocorrelation will vary according to the selection of
correlation matrix size, tonal and contrast similarities of the
images forming the stereopair, terrain configuration, and B¢
H ratio. To date, completeness of correlation has averaged 80
percent or better and accuracies equivalent to = 0.5to = 1.0
pixel ave realized.

The DMS features a capability for interactively editing DEMs
generated by the stereocorrelation option. A matrix of DEM
“floating points” is superimposed on the stereoimage. The
operator quickly scans the stereoimage, noting which points do
not lie on the terrain surface. The elevations of these incorrectly
correlated points may be adjusted with the mouse. Thus, the
stereocorrelation editing option enables the user to take advantage
of both automatic and interactive heighting capabilities.

PERSPECTIVE VIEWS

The ability to create a perspective view of the terrain and to
drape digital numbers (DNs) or color values of the pixels on the
perspective is of considerable interest to foresters, geographers,
geologists, planners, and military intelligence specialists (Plate
2). Major drawbacks to generating terrain perspectives, however,
include the volume of data to be manipulated, the time required

G
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to generate a display of adequate resolution, and the difficulty
in establishing optimum vertical exaggeration, viewing angle,
and azimuth. With the DMS, these problems are addressed by
initially generating a coarse resolution wire frame or draped
perspective at a cell size defined by the user. This coarse
perspective is then rotated and tilted, and the vertical exaggeration
is adjusted. Once the viewing parameters have been deteymined
for the coarse resolution perspective, cell size is reduced to yield
a high resolution perspective display. In this way, time consuming
iterations of the display are reduced or eliminated. Comparisons
of the rates at which fishnet perspectives (with and \*'ithout
hidden lines removed) can be generated on different hardware
configurations are presented in Figure 7. It is interesting %o note
that direct comparisons for displaying the same DEM data sets
as fishnet perspectives using the ARC/INFO TIN module operating
on a Prime 2250 minicomputer and the DMS on a Dell 310 £,
show an approximate 20x speed advantage for the DMS/PC
combination. Provided the DEM cell size corresponds to the image
pixel dimension, the speeds at which draped perspecti{yes are
created will roughly correspond to those for the hidda lines
removed coxiumn of Figure 7. :

OB THOMAGES

Satellite images, like aerial photographs, suffer from
displacement caused by terrain relief. The magnitude of relief
displacement increases outward from the nadir and with
pointable sensors, such as the SPOT HRVs oriented to + 27 degrees
east or west of the orbit track, relief displacements of greater
than 50 pixels can occur in mountainous terrain, preventing the
registration of planimetric and topographic features. In order
to correct for relief displacements and ensure feature registration,
terrain elevations must be known {Swann ¢t al., 1988).

With the DMS, a regular grid of terrain elevations can be aerived
directly by implementing on the PC the automated
stereocorrelation option (ur indirectly by first contouring the
terrain or measuring the heights of the grid locations). Hecause
the parallax at each pixel is known, the relief displacement relative
to one image of the stereopair can be calculated and offsets
introduced in the x-direction to place the pixels in their correct
planimetric positions. The elevations required to generate the
offsets also may be imported from USGS or DMA digital terrain
data. Thus, it'is possible to create orthoimages and imags maps

LELE 313 DELL 380

Sy W24

PGR B0 -
E514/8

Fig. 7. Comparison of DMS rales (in DEM celis per second} for generation of perspective
views with ang without higden hnes removed. Thess rates inchude both calculation and
display time. Except as noted, alt computers wers equipned with BOZET or 80387 math

COprouessors and vaa boards.
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of evei the most rugged terrain that can serve as the reference
layer f?r a GIS database (Figure 8).

BNTRFACE BETWEEN IMAGE PROCESSING AND GIS

Todgy. emphasis is being placed on registering vector UGS
Digitak Line Graph, Bureau of Census TIGER, and GI5 data files
{e.g-, ARCANFO) with raster images for update or analysis. For
such applications, the ability to read different data formats is
unporiang, as is the ability to place the vector files in exact
registrition with the image data. In this context, the DMS may
be emiloyed to create vector files that can be utilized with the
ESRI ARCANFC package resident on the same computer. Also,
ARCAHO Bles can be transported into the DMS environment for
registrition with digital image data (Welch, 1988). An example
of the use of these capabilities to identify potential sites for small
shopping centers in an urbarvsuburban seiting is presented here.

A riad net for the city of Athens, Georgia was digitized in
vector §ormat from USGS 1:24,000-scale topegraphic maps using
the CAPTURE option within DMS. Because the topographic maps
werg sﬁqut 15 years old, it was nocessary to upstate the Athens
vector file from a SPOT panchromatic image using the previously
descrilied revision techniques. A DMS conversion utility was

0L OO

then employed to transform the updated vector file to ARUINFQ
format.

Within pc ARUINFG -~ accessed by a few keystrokes — a
coverage for the Athens road net was produced using the GEN-
FRATE command. Additional tashs undertaken with po ARUDIFG
included building the topology, adding attribute information,
conducting a buffer analysis along major roads to create a 200-
m wide zone within which shopping centers potentially could
be located, and composing maps with ARCPLOT (Figures 9a and
9b}. The UNGENERAYE command was then employed to create
ar ASCH file of buffer coordinates which could be used within
the DMS to overlay the buffers on the image data (Figure 9¢).
Once the buffers were superimposed on this image, it was pos-
sible to select and outline potential shopping center sites with
the planimetric mapping option of the DMS, Of course, if re~
quired, other GIS coverages related to zoning, land priges, pop-
ulation density, market areas, and travel time also <3n be
transferred from ARCANTO to the DMS for registration with the
image data.

CONCLUSION

The increased emphasis on the integration of image process-
ing, photogrammetry, remote sensing, and GI% technologies
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Prave 2. {a) Wirehame perspective of BEM generated by awtomalic stersoocrrelation from SPOT Ima
and § muilispacial Landsal T image draped on the wirglrams perspective.
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H

mirrors the growing demand for image and map dats in digital
formats. In EE‘m mntexs, the DMS bas been 0ptmnzed o allow
complex mapping tasks such as rectification, merging of mul-
tiresolution image data, inteefacing raster image processing and
vectnr GIs funchions, thematic classification, and, particularly,
the development of three-dimensional topographic data sets and
orthoimages o be andertaken on off-the-shelf PUs in an oifice
environment. Significantly, subpixel measurement accurachs in
XY, and Z can be achieved by persons having oniy a few hours
of fraining and litthe or no provious experience in photogram-
metry and digital image processing. Besulis from investigations
w&ih SPCH sterendata, for examiple, have yielded RMSE values of
“ 1 m and better depending on the quality and BH ratio of
the images. Computer intensive tasks such as rectification, au-
tomated siereoeerrelatian, and perspective view generabon tan
be accomplished on BUIBS vCe al speeds exceeding thase real-
ized on larger minicomputer systems,

it is anticipated that the continued evolution of PC and map-
ping software technology, coupled with low maintenance costs,
will result in the ransfer of many image processing, raapping,
and G5 tasks from z specialized service industry to a broad-
based uger comununity. The DMS and similar sofbware packages
will facifitate this trend,
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Abstract

Welcome to GRASS, the Geographical Resources Analysis Support System. This document pro-
vides information on what GRASS is, where it comes from, and where to get more information.
Basically, GRASS is a public domain raster geographical information system (GIS), vector GIS,
image processing system, and graphics production system. It is used extensively at government of-
fices, universities, and commercial organizations. It encompasses some 250 user programs, is written
mostly in C for UNIX! machines, and contains more than 300,000 lines of software code. Overheads
are provided to help the reader communicate GRASS to others.

Shade Relief Map of Spearfish - GRASS Sample Data Base

LUNIX is a trademark of ATT
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1 Introduction

This document introduces the reader to the public domain geographical information systern GRAASS.

Information on the capabilities of GRASS are matched with discussions on the ongoing development
efforts, inter-agency cooperative programs, and the GRASS user community. Appendix A provides
a brief overview of the primary GRASS programs as released in the summer of 1991. Appendix B
provides some overheads that may be used in local GRASS briefings.

2 What is GRASS?

GRASS, more formally known as the Geographical Resources Analysis Support System, is funda-
mentally a geographical information system (GIS). The question, What is GRASS? can be answered
in at least the following ways:

¢ GRASS is Public Domain
o GRASS is a Community of Users

e GRASS is a Programming Language

GRASS is Software for GIS Specialists

GRASS is Software for Image Processing

e GRASS is a Software Development Environment
e GRASS is Part of a Garden

e GRASS is a Sample Data Base

Each of these answers is discussed in the following sections.

2.1 GRASS is Public Domain

Many people come to GRASS with the lure of free software. GRASS, developed with United
States taxpayer funds, is available to the public without charge. Users should however expected to
encounter nominal charges for distribution, tapes, phone support, installation assistance, turn-key
systems, documentation, etc.

Several commercial and university organizations are involved with porting GRASS to and supporting
GRASS on various hardware platforms. For the latest information concerning GRASS status,
distribution and support centers, and user mailing lists, contact the GRASS Information Center:

GRASS Information Center
U.S. Army CERL

P.O. Box 9005

Champaign, Illinois 61826-9005
(217) 373-7220

The GRASS Information Center can provide the following type of documents:
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2 2 WHAT IS GRASS?

General Information — Includes documents that introduce GRASS, describe the GRASS Inter-
Agency Steering Committee’s functions (see Section 2.2), and describes the various govern-
ment, commercial, and government participants in GRASS.

GRASSCLIPPINGS — Place yourself on the mailing list for this page newsletter that is mailed
several times a year.

Installing GRASS — Many documents describing hardware configurations, distribution and sup-
port sites, establishing return-on-investment estimates, and assistance in choosing the right
system for you.

Educational Materials — Materials that you can use in briefings to describe GRASS to your
co-workers.

GRASS Community Participation — This category includes documents that describe partic-
ipation in the GRASS Steering Committee, the GRASSCLIPPINGS newsletter, the annual
user meeting, and advertising possibilities.

System Development -— For those sites interested in porting GRASS or creating new commands,
there are many documents describing the GRASS programming environment.

Videos — Several videos which introduce GRASS and review some applications.

Advice — Advice on who to turn to for GRASS assistance.

2.2 GRASS is a Community of Users

Commounities of GRASS users exist worldwide. Unlike user groups of commercial products, the
GRASS user community members rely primarily on each other for support, system upgrades, and
information. This process provides a wealth of “free” information and support for all members.

Figure 1 depicts the distribution of the GRASS user community based on a 1989 survey in which
500 sites responded.

2.2.1 Imter-Agency Steering Committee

GRASS is coordinated in large measure by the GRASS Inter-Agency Steering Committee.
This not-for-profit organization meets 2-3 times a year for the purposes of coordinating GRASS
community activities. Issues generally addressed include:

Software design and development

Software release schedules

Inter-system integration issues

User support issues

Annual GRASS User Meeting arrangements

Newsletter schedules and budget

Inter-agency coordinations

o Commercialization issues
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2.2 GRASS is a Community of Users 3

GRASS 1989 User Community

J—
Federal Agencies
v 40% _ o'

oy | P )
Foreign & Other ™. " State/Local Govt }

Educational

Institutions Private Firms

45% 45%

Figure 1: The GRASS User Community

The Steering Committee members represent GRASS users in many different Government agencies.
As of Spring 1991, the agencies listed in table 1 had all participated in the GRASS Inter-Agency
Steering Commitiee.

In addition to the representation of government groups, numerous universities and commercial
groups have been involved as associate (non-voting) members.

2.2.2 Amnnual GRASS User Meetings

The GRASS user community is most visible each year when they gather together to present papers
and participate in discussions ranging from GRASS fundamental design and development to expe-
riences in applying GRASS to real-world problems. Meetings have been held annually since 1983;
each meeting attracts 200-300 people who spend up to 5-days immersing themselves in the GRASS
community. Meetings have been held in such exotic locations as Berkeley, California; Washington,
D.C.; Champaign, Illinois (the birthplace of GRASS); Stennis Space Center (near New Orleans);
Fort Hood, Texas; and Fort Lewis, Washington.

Annual GRASS user meetings have been held in Europe since 1990. Turnouts there suggest a long,
healthy European user community. As of this writing plans are being considered for an Australian
user meeting.

2.2.3 GRASS Government Users

The primary sources of funding for the design and development of GRASS has come from the
largest government users of GRASS. The National Park Service and the Soil Conservation Service,
in addition to the Army Corps of Engineers, has established GRASS support centers of expertise
for GRASS within their agencies.
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4 2 WHAT IS GRASS?

| U.S. Army Construction Engineering Research Lab Champaign IL.
USDA, Soil Conservation Service Washington DC.
National Park Service Denver CO.
Bureau of Census Washington DC.
Bureau of Land Management Washington DC.
Department of Defense, Environmental Office Alexandria VA.
Environmental Protection Agency, ERL-Corvallis Corvallis OR.
NASA Stennis Space Center MS.
NOAA Boulder CO.
Navy, Naval Oceanographic Lab Stennis Space Center MS.
U.S. Army Corps of Engineers Washington DC.
U.S. Army Engineering and Housing Support Center Ft. Belvoir VA.
U.S. Army Engineering Topographic Lab Ft. Belvoir VA.

_U.8. Geological Survey Reston VA.

Table 1: Organizations involved with Guiding GRASS

2.2.4 Universities

GRASS was modeled in many ways after UNIX; a system whose original followers were graduate
programs in computer science at numerous universities. GRASS similarly has found a firm and
growing user community within numerous university departments including geography, geology,
anthropology, regional planning, landscape architecture, archeology, and entymology. GRASS is
taught at nearly 50 different Universities across the world today. The number grows yearly as
GRASS offers a user environment for computer scientists as well as artistic landscape architects.

2.2.5 Commercial Firms

GRASS is being strongly embraced by many commercial entities. Many commercial firms that
cannot afford commercial packages choose GRASS for the purpose of “getting into the GIS market.”
Many of the GRASS software distribution sites provide GRASS enhancements. The inexpensive
nature of GRASS allows many potential GIS users to get experience with GRASS. This increases
the number of people, firms, agencies, and universities that are familiar with the technology; this in
turn broadens the commercial GIS marketplace.

2.3 GRASS is a Software Package

Yes, GRASS is a software package. This software package could only grow out of the type of user

community described in the previous section. It is the user community which will drive GRASS
design and development into the future.

Even at the software level, GRASS is different things to different people. Consider some of the
statistics:

o Nearly 200 user programs
¢ Nearly 4000 software files

e More than 300,000 lines of C program code
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2.3 GRASS is a Software Package 5

e Approximately 300 subroutines

o Programs written at about 15 different locations

e About 40 man-years of development time

o Distributed with several other public domain software packages

e Interfaced with numerous RDBMSs, expert systems, image processing systems
GRASS programs themselves are divided into the following groups:

Number Programs that
40 Render images on monitors and paper

57 Manipulate raster maps
31 Manipulate vector maps
6 Manipulate sites maps
26 Manipulate multi-spectral imagery
16 Manage the data base
~20 Programs in alpha test
~20 Contributed programs
Numerous “Related” Programs

2.3.1 GRASS is a Programming Language

Though GRASS, like most GISs, has a user community that operates the programs directly, GRASS
has been conceived to be a programming language. UNIX itself is a programming language; it
provides shells (like the Bourne shell (sh), the C-shell (csh) and the Korn-shell (ksh)). The shells
provide programming flow control, and user input and output, and use other UNIX programs as
subroutines. GRASS programs join the community of UNIX subroutines and, hence, enhance the
power and flexibility of the UNIX operating system.

A growing community of end-users use shell scripts (UNIX macros) that contain GRASS programs
as part of their main analysis functionality. In many cases the users of these scripts need know
nothing about GRASS. Additionally, they need know nothing about other UNIX commands that
may be embedded deep in the scripts.

To improve the possibilities of writing UNIX shell scripts, the GRASS design and development
community is providing an application generator. This is a shell-script-like language that allows
the script writer to communicate with the user through a graphical user interface on machines
supporting X-windows. This program is called xgen; an X-windows based application generator.

What are the advantages of using a GIS as a programming language?

A GIS is hard to learn — Geographical information systems are powerful, general-purpose, and
highly flexible software packages. Even a basic user must have significant knowledge of not
only the GIS, but of the computer, the peripherals, the data bases being analyzed, the areas
under analysis, and the requirements of the analysis. Most every GIS has been developed as
a scientific tool box. They are generally not suitable for the casnal or occasional user. If a
user does progress through the learning curve to become proficient with a GIS, that user can
be more effective if the GIS is a programming language. Using this language, software can be
written for the local users who have limited analyses that are used repetitively. These local
users need never be bothered with the scope and strength of the full-blown general purpose
system.

1653

OFEKO07516



6 2 WHAT IS GRASS?

A GIS is Not a DSS — Decision Support Systems (DSS) in landscape planning, simulation, and
analysis are best done if they approach a narrow problem. A GIS can play an integral role in the
design and operation of a DSS in addition to graphical user interfaces, statistical packages,
expert systems, report genmerators, etc. A GIS as a programming language allows the GIS
expert user to generate decision support systems that are:

¢ Application specific
e Location specific

e User specific

Backend to User Interfaces — Numerous times users have suggested that GRASS be provided
with various different types of front-ends: graphical user interfaces, expert systems, data
base management systems, and natural language interfaces. With GRASS developed as a
programming language, all of these types of interfaces are much easier to implement. As of
this writing several such interfaces are under development at different sites.

Programming languages have long lives — User interfaces have relatively short lives. The
recent fascination with 2-dimensional graphical user interfaces may give way to 3-dimensional
interfaces, natural language interfaces, intelligent interfaces that “get to know the user”, and
holographic interfaces. Behind these interfaces can be the old tried-and-true systems. A GIS,
stripped of its user interface, will command a much longer life than a GIS with a intimately
integrated user interface. GRASS, fundamentally, is a command-line driven language devoid
of any consequential interface. It is suitable as is to support numerous interfaces for years to
come.

2.3.2 GRASS is Software for GIS Specialists

GRASS 1is most often viewed as software designed to do serious geographical data management,
analysis, and display. Initially it was designed as a raster-based GIS. A co-developed image
processing package was merged into GRASS early in its development because of the obvious
utility in providing traditional GIS operations to image processing and vice-versa. GRASS always
provided a vector approach to digitizing and data input. In recent years, this tradition has blossomed
into a developing vector-based GIS. Chapter 5 provides a review of the GRASS 4.0 commands
and displays the variety of capabilities offered.

2.3.3 GRASS is a Software Development Environment

At another level, GRASS is a software development environment for C programmers. To facilitate
the design and development of new modules in GRASS, users at this level are provided with:

e Approximately 300 GRASS software subroutines that provide interface to the data and the
user

e GRASS source code
o The document GRASS 4.0 Programmer’s Manual

e Access to a community of GRASS Programmers

GRASS capabilities that have become part of the standard GRASS distribution have come from
more than 15 different sites. Innumerable other sites have programmed local capabilities in GRASS.
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2.4 GRASS is Part of a Garden 7

2.4 GRASS is Part of a Garden

GRASS grows in a “garden.” In the process of using GRASS for, say, an Environmental Impact
Statement, a user site may employ the capabilities of many other software systems. Some of these
are public domain (or at least free) systems that are actually distributed with GRASS. Some of
these include:

RIM A relational data base management system out of
the University of Washington, Seattle

MAPGEN A cartographic output package for plotters devel-
oped by the USGS

GCTP A coordinate translation package developed by the
USGS

pbmplus An image manipulation package developed by Jeff
Poskanzer

xXgen A shell-seript like language for generating X-

windows interfaces

UNIX commands like awk, sed, grep, cat, csh, and sh round out a powerful programming environ-
ment in which these programs become the programmers subroutines. Other packages available on
one’s local system can provide yet more capabilities.

2.5 GRASS is a Sample Data Base
GRASS software is delivered with three sample data bases:

Spearfish -— This famous data base ( see Figure 2 ) was first developed by (or for) EROS Data
Center. It became a member of the GRASS package and was greatly enhanced to provide
more sample data layers. It is a complete data base that can be used to learn about GRASS.

Imagery — This data base provides several raw satellite and NHAP images for the Spearfish area
which can be manipulated by users to generate new layers for Spearfish.

World — Portions of a larger data base used to study the earth. This data base demonstrates the
format for a latitude-longitude data base as well as providing an environment for demonstrating
GRASS’s latitude-longitude capabilities.

3 GRASS Hardware Requirements

GRASS was designed and developed to operate under the UNIX operating system. It has been
ported to numerous hardware environments supporting this operating system including:

o Sun computers (all)
o Concurrent workstations (formerly Masscomp)

¢ Intergraph Interpro workstation

Silicon Graphics workstations

Apple Macintosh (AUX)
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8 3 GRASS HARDWARE REQUIREMENTS

Figure 2: Sample maps from the Spearfish Data Base
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e PC 386’ and 486’s (with Microport or SCO UNIX)

Digital Equipment Corporation (DEC) workstations

Data General’s Aviion workstation

Apollo workstations

Hewlett Packard 8000

[ ]

IBM PS-2 (AIX)
IBM 6000 workstations

o Tektronix workstations

e AT&T 3B2 workstation

Each port is supported by a different software house and set of distributors. Contact the GRASS

Information Center (see section 2.1) for the latest list of distributors and hardware configuration
options.

4 Why Does GRASS Exist?

4.1 Original Motivations

GRASS was born in the early 80’s to address needs at an Army environmental office at Fort Hood,
Texas (See Table 2). Budgets were tight and talent was available. A VAX 11/780 computer was
available (funded via other projects), but there were no UNIX based geographical information sys-
tems commercially available at the time. Graduate student programmers took over and created the
beginnings of GRASS in the VAX’s UNIX environment. When Sun Microcomputers offerred their
first workstations with color monitors (Sun/1), GRASS development was moved 1o the workstation
environment where it still thrives today.

4.2 UNIX Based GIS

GRASS was initially developed as an unnamed series of demonstrations operating on a Cromemco
powered by a Z-80 cpu. Researchers at the Army Corps of Engineer’s Construction Engineering
Research Laboratory (CERL) were trying to demonstrate the concept of geographical information
systems to the Corps. Enough funds were originally generated to do smalonly 1 pilot systems on
available computers. The GRASS fore-runner was a small system running on a VAX 11/780 that
powered black and white graphics terminals over 300-baud modems. This system was funded by
the Environmental Office at Fort Hood, Texas and was called the Fort Hood Information System
(FHIS). Other environmental offices became interested and the more general purpose GRASS was
born. Funding was still insufficient to purchase standard geographical information systems available
at that time. Members of the National Park Service that now employ GRASS warned CERL
researchers against putting in the required 10 man-years of programming. But, CERL did not
gather enough funds to purchase hardware to run available software. CERL had hardware and
expertise to operate UNIX machines and did the initial GRASS work on a VAX running UNIX.
Within a year the fledgling GRASS was ported to an early SUN-1. So far as was known, this was
the first GIS to operate in UNIX.
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4 WHY DOES GRASS EXIST?

Year Name Additions to the System . Users

1982 FHIS Single program, single location, raster database. Develop-  Fort Hood, Texas
ment and operation on UNIX based VAX 11/780. Digitiz-
ing on separate computer. Graphics on B/W monitor and
B/W dot-matrix printer. User accessed remote via 1200
baud modem. Digitizing via polygon method.

1983 IGIS Multi-program accessed via menu, adapt to different data. Fort McClellan, Alabama
SUN-1 microcomputer workstation. User operated on-site.

. Color display.

1984 GRASS Development on MASSCOMP MCS-560 and SUN-1. Dig-  Ft. Lewis, Central Washe
itizing via arc-node method. First color hardcopy output. ington University, National
20 different programs. Guard Headquarters, data for

“““ 13 sites total.

1985 GRASS 1.0 First annual GRASS user group meeting - Fort Hood, About 20 sites.
Texas. First open distribution. Started inter-site electronic
mail communication. Central Washington University of-

. fered first classes.

1986 GRASS 1.1 Run-length encoded raster files. Multi-byte grid-cell files Distribution to several dozen
supported by some programs. Image analysis as GRASS  sites.
sub-system (runs only on MASSCOMP). Receives Ezem-
plary Systems in Government from URISA. Interagency
steering commitiee established. )

1987 GRASS 2.0 First programmer documentation. Some sites begin doing Distribution to several hun-
GRASS enhancements. GRASS distributed by Institute dred sites. Pilot tested
for Technology Development and DBA Systems. Rework by Soil Conservation Service.
of database. Adopt USGS digital line graph (DLG-3) for- Adopted by National Parks
mat for vector data. Digitizing package for users. Ported Service.
to about seven different manufacturers machines. Army

L steering commitiee established.

1988 GRASS 3.0 TImage analysis reworked into GRASS; runs on all GRASS  Distribution to about 1000
machines. Raster files can contain from 1-4 bytes per cell.  sites.
DLG dropped in favor of an internal vector format. Com-
pletely new digitizing package for user. Full assortment of
command-line driven programs. Approximately 170 differ-

__ ent programs.

1989 'GRASS 3.1 Many new commands added. Significantly improved
digitizing.

1991 GRASS 4.0 This version realized the design goals set in 1986. Ma- Distribution to every
jor additions include a standard command line parser for household.
virtually all commands, substantial support for latitude-
longitude based data, complete reorganization of com-
mand names, significantly better documentation, and per-
formance enhancements.

Table 2: GRASS History
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4.3 Easy to Distribute

A major strength of GRASS is that it is very easy to distribute. Anyone who wants to cut a
tape or copy GRASS across the Internet may do so without violating copyright requirement. Sites
developing software using GRASS libraries or programs can freely copy GRASS as much as desired.
For this reason, government agencies and universities that support large user communities find
GRASS especially attractive.

4.4 Market Stimulus

GRASS stimulates the GIS market in several ways.

e Provides basic research. GRASS is a scientific research and development environment where
programs and algorithms with unproven market potential can be tested. Numerous journal
articles have been published that discuss research done both with and on GRASS. Techniques
proven in the GRASS environment may become adapted by the commercial GIS marketplace.

e Brings new users to the GIS marketplace. Many potential users are in situations where
the purchase of a commercial GIS package is not possible. This can be due to a lack of
funding, too much red-tape, unfamiliarity with the technology, or insufficient stafling to make
a large purchase cost effective. An excellent public-domain system provides an alternative
to such groups. As these sites get involved with the technology they most certainly will
turn to the commercial marketplace to purchase data, computers, peripherals, expertise, and
advice. GRASS facilitates a growing number of commercial vendors of hardware, software,
and expertise.

4.5 Great for Sites With Talent

Sites that have more money than talent and man-power often find that the purchase of a commercial
GIS provides them with an out-of-house support staff. Sites that have significant talent, but less
purchasing power consider GRASS to be a wonderful option. There are several reasons for this.
First, the purchase of a commercial GIS is often an initiates a long-term relationship with the GIS
vendor. Talented sites generally underutilize such relationships which often take the form of phone
support, on-site debugging, on-site classes and training, custom product design and development
and the continual presence of a friendly assistant. Sites requiring only a powerful GIS environment
will find GRASS an extremely attractive option.

4.6 Huge, Friendly User Community

In lieu of a single software vendor that provides all the services a GIS site might desire, GRASS comes
with a huge, friendly user community. The community meets en-mass once a year to exchange ideas,
software, and presentations. Recognizing their co-dependence, the group tends to be very helpful
to those with questions. The commercial folks involved with GRASS are highly enthusiastic about
the product and offer services at nominal charges. Numerous Universities and commercial training
sites across the world offer GRASS classes at very low cost. Information on the user community
and commercial offerings is maintained by the GRASS Information Center.
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12 5 PROGRAMS

4.7 GRASS Versions and History

GRASS can be appreciated through a cursory review of its history. It grew along with a user
community new to GIS. A majority of its strength resides in its close development ties with such a
user community. This development resulted in the history outlined in Table 2. GRASS 1.0 wasin a
class by itself. It was distinguished by a a user interface that allowed users to do something useful
with the GIS in a very short time. This attracted a number of new users. It was also cited as one
of the main reasons for being given the URISA ESIG Award?.

The U.S. Army Corps of Engineer’s research community awarded GRASS for it’s excellence with
the Army R&D Award.

Through the GRASS 4.0 release, GRASS software coordination, integration, testing, and distribu-
tion has been carried out by research staff at the Army Corps of Engineer’s Construction Engineering
Research Laboratory.

Beginning with GRASS 4.1, the GRASS Inter-Agency Software Coordination Center will be re-
sponsible for GRASS releases. This staff will likely be sited at USACERL. The office will be jointly
funded by the major agencies doing GRASS system design and development.

5 Programs

This section introduces the GRASS 4.0 commands. For a very short listing and description of each
command, refer to Appendix A on page 19. GRASS commands come in several flavors. Command

names have the basic format: lower case letter, followed by a period (.), followed by a description
string:

Command Command

Prefix Description

General data (file) management commands

Display (monitor) graphics

Paint paper graphics

Raster data manipulation and analysis

Vector data manipulation and analysis

Site data manipulation and analysis

Imagery (multi-spectral) data manipulation and analysis
Manipulation of external data

g e T AR

The naming convention was chosen to get a good balance in meeting the following objectives:

Non-conflict — Because GRASS commands are used in conjunction with other UNIX commands,
it is important that GRASS commands not get confused with other programs. This require-
ment is met with the convention of prefixing each command with a letter and a period.

Separate raster, vector, etc. series — GRASS operations work with raster, vector, multi-spectral,

and site data types. It is important that the user know what data type is being manipulated.
It is also important that operation names be available for each data type. For example, by
renaming the vector digitizing program from “digit” to “v.digit”, there is room for a “r.digit”
or “s.digit” program to be introduced in a later release.

2The Urban and Regional Information System Association’s Exemplary Systems in Government (URISA ESIG)
Award. This is presented annually to especially significant government developed software, and ws awarded to
USACERL developers (Goran, Shapiro, and Westervelt) in 1987.
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Self-explanatory — Program names were chosen to be as self descriptive as possible without
being verbose.

Easy to type — Names needed to be easy to type. The upper case letters of GRASS 3.0 were

apparently harder for users (in general) to enter than the corresponding lower case and period
combination.

The display commands (d.) manage the GRASS monitor. They manage the monitor operations
and provide commands that render all data types on the display graphics monitor:

e 2-D display

3-D display (Figure 3)

Profiles

Histograms

e Pie Charts

Graphs

Screen dumps to hard copy

Raster analysis commands all begin with r. and are the oldest of GRASS data analysis commands.
These operations provide the traditional raster GIS operation primitives:

e Overlay (boolean, weighted, cellophane, rule base)
¢ Full mathematical functions

e Filters

¢ Proximity analysis

e Measurements (length, area, volume, counts)
e Clustering

e Import/Export

e Line-of-sight

e Cost analysis

¢ Transformation to vector

s Rotation

e Patching

e Reclassification

o Network flow analysis

e Thinning

e Elevation transformations
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14 5 PROGRAMS

Perhaps the fastest developing set of GRASS capabilities is the vector GIS command set. Operations
include the following:

¢ Digitizing

e Editing

e Labeling

e Measurements

o Import/Export

¢ Full topological linking

e Display

e Patching

o Transformation to raster

e Grid generation

s Contour labeling
Imagery commands form a powerful set of tools which manipulate multi-spectral images. GRASS

users have made good use of Landsat, SPOT, and high-altitude NHAP images using this software.
This suite of programs is continuing to grow and now contains:

Tape handling for multiple formats
e Scene and sup-scene extraction

o Color enhancements

e Image registration

s Terrain correction

e Automated classification

o User directed classification

s Filtering

o Histograms

e TFull integration with raster operations

Some geographical information can be stored as site data. The s. commands provide analysis
capabilities for such data. These provide the following types of operations:

¢ Surface generation (interpolation)
o Statistical comparisons

Reclassification

Transformation to raster and vector
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Spearfish,
&m to BW,

Figure 3: Sample 3-d Display

Coordinate registration

Data base searches and retrievals

Proximity analysis

Import/Export to the S statistical package

During the process of importing data into GRASS it is often necessary to resample data in various
ways. The m. commands in provide mechanisms for doing some types of data resampling. These
are most frequently used to assist in importing data into GRASS.

6 GRASS Design and Implementation

The design of GRASS has been quite successful because of sound guidelines established early in its
development. This section looks at the key design and implementation policies currently embodied
in GRASS and then looks at guidelines that may direct future work. First, a look at the current
design:

UNIX and C — GRASS was to be developed for powerful UNIX workstations. The standard
language on such machines was (and is) C.
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16 6 GRASS DESIGN AND IMPLEMENTATION

Modular design — GRASS demonstrates a highly modular design allowing easy module upgrades.
There are hundreds of subroutines in about 10 basic libraries, which support almost 300
different programs.

Portable — GRASS development aimed at generating capabilities that would compile on a wide
variety of UNIX workstations.

Workstations — Programs designed to run on individual color UNIX workstations.

Integrated GIS and image processing — Traditional image processing programs enhanced with
traditional raster GIS functions (and vice-versa). GRASS is designed to provide both capa-
bilities in 2 manner that uses the same subroutines and data bases interchangeably.

Integrated raster and vector -—— Some spatial operations are better performed in vector, others
in raster. Most user communities require both.

Multiple user interfaces — Geographical information systems address the needs of a diverse
community of users. It is very important that different interfaces be available to different users.
GRASS is a powerful GIS for geographical information specialists (Section 2.3.2, page 6.) It
is also a software development environment (Section 2.3.3, page 6). Lots of very easy user
interfaces have been developed that are location, project, and user specific.

Mixed raster resolutions — GRASS may be unique in its ability to resample raster data at
run-time into a user selected region and resolution. GRASS raster data bases are stored with
their original resolution and map placement. Most all similar systems require that data be
resampled into a fixed grid during the data import process. GRASS stores the raw data and
resamples as needed.

Assorted temporary data storage formats — GRASS is a potpourri of analysis functions.
Some access the data in a regular manner - grid-cell after grid-cell in row after row. Oth-
ers require the simultaneous access of data spanning several rows of data (e.g. Satellite data
resampling). Some access the data randomly within small regions {e.g. line-of-sight and prox-
imity analyses). Some can be highly random. Methods exist to temporarily load the data into
formats that make access of each approach efficient.

Future design and development guidelines will likely implement the following requirements. Studies
are now underway to determine what should be implemented and how.

C++ — C+-+ has become a standard object-oriented programming language. This language offers
easy access to capabilities that are inherently difficult in C. Future GRASS development must
serlously consider C++ for the sake of improving program development.

Multiple-attributes -— GRASS raster and vector files have the capability only to access single
strings of information for each map entity. This is very limiting and has forced the user
community to store multi-attribute information in RDBMSs operated in parallel with GRASS.
This approach requires users to pay special attention to the management of two separate data
areas. In some cases user communities have addressed this difficulty by gluing GRASS and
RDBMSs together within shell scripts that maintain the integrity between information in the
two systems.

Multiple map management — Some GRASS sites have developed data bases with hundreds

and even thousands of digital maps. The management of such data needs to become better
auntomated.
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Data access via network servers — GRASS was not initially designed to operate on networks.
Though modifications have made such operation possible, GRASS must be thoroughly re-
viewed to more adequately function on networks. GRASS will likely be reworked so that
software servers on machines with prodigious data storage parcel out data to GRASS systems
running on local and remote workstations through UNIX sockets.

Efficient sub-map region queries — Individual GRASS data maps can be arbitrarily large.
This is a problem, especially for programs that want to read in entire maps. Raster data
needs to be accessible from these large maps without sacrificing efficiency.

Manage permissions — GRASS users are interested in sharing map data locations, maps, and
map records. GRASS now allows only the owner of a data location write access to the location.
A user can not run GRASS siumltaneously on different computers that share the GRASS data
base. This must be relaxed.

Mix spatial and DBMS queries — GRASS provides a spatial analysis capability. RDBMSs
provide query capabilities on map attribute information. Some queries, such as locating all
sites withing 1 km of a sinuous road contain gold and silver, are best addressed if the spatial
and RDBMS operations can occur simultaneously.

Floating point data — Currently only integer data in GRASS raster maps is possible (1, 2, 3,
or 4 bytes). This must be relaxed to accommodate floats, doubles, structures, subroutine
pointers, etc.

3-D data base — Future GRASS implementations will be called on to perform analyses on 3-D
data bases.

7 GRASS Research and Development

GRASS is based on years of design and development, most of which was accomplished under research
projects. Such research continues to evolve, resulting in the promise of more GRASS modules. Some
of the projects planned for the next five years include the following:

X Interface — The UNIX community is standardizing their graphics efforts in a product called
X-windows. This environment makes it possible to write portable code across a wide variety
of UNIX hardware platforms providing sophisticated data visualization and user interfaces.
Several efforts are underway to bring graphical user interfaces to GRASS.

Image Segmentation — New algorithms are being developed to identify homogeneous regions in
images.

Raster editor — Two independent efforts are working toward a raster editing capability operating
under X-windows.

Garden links — Numerous efforts are underway to link GRASS more closely with other systems.

Latitude-Longitude — Several significant research efforts will be undertaken to enable more of
the GRASS capabilities to work directly with latitude-longitude data bases. Of particular
interest will be modifications to allow digitizing of various projections.

Visunalization — As real-time 3-D image rendering becomes more commonplace, the rapid ren-
dering of GRASS data will become necessary.
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Floating-Point Data — The GRASS integer data bases (for raster) limit the modeling capabilities
of GRASS. The data structures must be updated to provide for not only the storage of floating
point values, but imaginary numbers, structures and arrays, rules, function pointers, etc.

Parallel processing — Within a very few years, parallel processing hardware will become standard
equipment within workstations. GRASS can benefit dramatically from such equipment which
will required re-thinking the data bases and the software.

Modeling — GRASS data bases can support modeling of information as it moves and changes
across the landscape. Such operations require large amounts of processing time and will work
best on future parallel processing environments.

Fundamental DBMS-GRASS links — Data base management software has been linked with
GRASS in numerous configurations. It is appropriate however to re-think the internal man-
agement of GRASS data using object-oriented and relational data base technology.

Full vector GIS — GRASS must provide its user community with a more complete set of standard
vector operations.

Neural Networks — Neural networks are being evaluated for incorporation into GRASS analyses.
These might enable a user to train the computer to identify sites with similar features to known
sites.

Automated Digitizing — The development of data continues to be the most expensive compo-
nent of any working geographical information system. Users would like to minimize the cost
of turning paper maps into digital data layers. Advances are being made in rendering scanned
map images into vector representations. Associated R&D is looking at automatically labelling
and aggregating features of scanned images.

Contouring — Mathematical solutions for efficiently generating elevation maps from sparse infor-
mation are being investigated for inclusion in GRASS.
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A GRASS Commands

GENERAL GRASS DATA MANAGEMENT COMMANDS

g.access
g.ask

g.copy

g.filename
g.findfile
g.gisenv
g.help
g-list

g.manual
g.mapsets

g.region

g.remove
g.rename
g.version

Controls user access to the current GRASS mapset.

Prompts the user for the names of GRASS data base files.

Copies available data files in the user’s current mapset

search path and location to the appropriate element directories under
the user’s current mapset.

Prints GRASS data base file names.

Searches for GRASS data base files and sets variables for the shell.
Outputs the user’s current GRASS variable settings.

GRASS help facility.

Lists available GRASS data base files of the specified data type

to standard output.

Accesses GRASS reference manual entries.

Modifies the user’s current mapset search path,

affecting the user’s access to data existing under the other GRASS mapsets
in the current location.

Program to manage the boundary definitions for the geographic region.
Remove data base element files from the user’s current mapset.
Rename data base element files in the user’s current mapset.

Outputs the GRASS version number and date.

HARDCOPY GRAPHICS COMMANDS

p.chart
p.colors
p.icons

p-labels
p.map

p.screen

p.select

- Prints a color chart for the printer currently selected.

- Allows the user to modify a color table for a raster map layer,
assigning colors to the categories in the raster map layer based on
printer color numbers (instead of red, green, blue percentages).
- Allows the user to create and maintain icons which are

used by the p.map command to depict sites.

- Creates and modifies labels for hardeopy maps.

- Command language interface to color hardcopy and graphics
monitor output.

- Prints a graphics monitor display image file that has been
saved by d.savescreen.

- Selects a device (printer) for GRASS hardcopy output.
Outputs can also be previewed on the graphics display monitor.

DISPLAY GRAPHICS COMMANDS

d.3d
d.ask

d.colormode

d.colors

d.colortable

Three-dimensional raster map display program.

Prompts the user to select a GRASS data base file from among

files displayed in a menu on the graphics monitor.

Allows the user to establish whether a map will be displayed

using its own color table or the fixed color table of the graphics monitor.
Allows the user to interactively change the color table

of a raster map layer displayed on the graphics monitor.

Display the color table associated with a raster map layer.
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d.display
d.erase
d.font
d.frame
d.geodesic
d.graph
d.grid

d.his

d.histogram
d.icons
d.label

d.labels
d.legend

d.mapgraph
d.measure
d.menu

d.mon
d.paint.labels

d.points
d.profile
d.rast

d.rgb
d.rhumbline

d.scale

d.sites

d.text
d.title

d.vect

A GRASS COMMANDS

Interactive program to display textual, symbolic, raster,

vector, and site data in the active frame on the user’s graphics monitor.
Erases the active display frame on the graphics monitor.

Selects text fonts to be used for text display on the graphics monitor.
Manages display frames on the graphics monitor.

Displays a geodesic line, tracing the shortest distance between two geographic
points along a great circle, in a latitude-longitude data set.

Program for generating and displaying simple graphics to the
graphics display monitor.

Overlays a user-specified grid in the active display frame

on the graphics monitor.

Produces and displays a raster map layer combining

hue, intensity, and saturation (his) values

from user-specified input raster map layers.

Plots a histogram in the form of a pie or bar chart

for a user-specified raster file.

Displays points, as icons, at user-defined locations

in the active display frame on the graphics monitor.

Creates and places text labels in the active display frame

on the graphics monitor.

Create/edit GRASS label files for display on the graphics monitor.
Displays a legend for a raster map layer in the

active frame on the graphics monitor.

Generates and displays simple graphics

on raster map layers drawn in the active graphics monitor display frame.
Measures the lengths and areas of features

drawn by the user in the active display frame on the graphics monitor.
Creates and displays a menu within the active frame

on the graphics monitor.

Establishes and control use of a graphics display monitor.

Displays text labels formatted for use with GRASS paint

{paint, p.map) output to the active frame on the graphics monitor.
Displays point graphics in the active frame on the graphics

display monitor.

Displays profiles of a user-specified raster map layer

in the active frame on the user’s graphics monitor.

Displays and overlays raster map layers

in the active display frame on the graphics monitor.

Allows multiple maps to be overlaid in the active display frame on the
graphics monitor.

Displays the rhumbline joining two user-specified points

in the active frame on the user’s graphics monitor.

Displays a map scale and north arrow relevant to a user’s

current geographic region setting in the active display frame

on the graphics monitor.

Displays site markers in the active display frame

on the graphics monitor.

Draws text in the active display frame on the graphics monitor.
Outputs a title for a raster map layer in a form suitable

for display by d.text.

Displays GRASS vector data in the active frame on the
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d.vect.dlg

d.what.rast

d.what.vect

d.where

d.zoom

graphics monitor.

Displays a vector USGS digital line graph (DLG-3) file

in the active frame on the graphics monitor.

Allows the user to interactively query the category

contents of multiple raster map layers at user-specified locations within
the current geographic region.

Allows the user to interactively query the category

contents of multiple (binary) vector map layers at user-selected locations
within the current geographic region.

Identifies the geographic coordinates associated with

point locations in the active frame on the graphics monitor.

Allows the user to change the current geographic region

settings interactively, using a mouse.

RASTER DATA MANIPULATION COMMANDS

r.average
r.basins.fill
r.binfer
r.buffer
r.cats
r.clump
r.coin
r.colors
r.combine
T.Compress
r.cost
I.covar
I.CIoss
r.describe
r.drain
I.grow
r.in.ascil

r.in.ll
r.infer

r.info
r.line

Finds the average of values in a values map within polygons of

a user-specified base map.

Generates a raster map layer showing watershed sub-basins.
Bayesian expert system development function.

Creates a raster map layer showing buffer zones

surrounding cells that contain non-zero category values.

Prints category values and labels associated with user-specified
raster map layers.

Recategorizes data in a raster map layer by grouping cells

that form physically discrete areas into unique categories.
Tabulates the mutual occurrence (coincidence) of categories

for two raster map layers.

Creates/Modifies the color table associated with a

raster map layer.

Allows category values from several raster map layers to be combined.
Compresses and decompresses raster files.

Outputs a raster map layer showing the cumulative cost

of moving between different geographic locations

on an input raster map layer whose cell category values represent cost.
Outputs a covariance/correlation matrix

for user-specified raster map layer(s).

Creates a cross product of the category values from

multiple raster map layers.

Prints terse list of category values found in a raster map layer.
Traces a flow through an elevation model on a raster map layer.
Generates an output raster map layer

with contiguous areas grown by one cell (pixel).

Converts an ASCII text file into a raster map layer.

Creates a raster file from data in latitude-longitude coordinates.
Outputs a raster map layer whose category values

represent the application of user-specified criteria (rules statements)
to other raster map layers’ category values.

Outputs basic information about a user-specified raster map layer.
Creates a new GRASS vector (digit) file by

extracting linear features from a thinned raster file.
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r.los
r.mapcalc
r.mask
r.mfilter
r.neighbors

r.out.ascii
r.patch

r.poly

r.profile
r.random

r.reclass

r.report
r.resample
r.rescale
r.slope.aspect

r.stats
r.support

r.surf.contour
r.surf.idw
r.thin

r.traj
r.transect
r.volume

r.watershed
r.weight
r.what

A GRASS COMMANDS

Line-of-sight raster analysis program.

Raster map layer data calculator.

Establishes/removes the current working mask.

Raster file matrix filter.

Makes each cell category value a function of the

category values assigned to the cells around it,

and stores new cell values in an output raster map layer.
Converts a raster map layer into an ASCII text file.
Creates a composite raster map layer by using

known category values from one (or more) map layer(s)

to fill in areas of “no data” in another map layer.

Extracts area edges from a raster map layer and converts
data to vector format.

Plots profiles of a GRASS raster map layer.

Creates a raster map layer and sites list containing randomly
located sites.

Creates a new map layer whose category values

are based upon the user’s reclassification of categories in an
existing raster map layer.

Reports statistics for raster map layers.

GRASS raster map layer data resampling capability.
Rescales the range of category values in a raster map layer.
Generates raster map layers of slope and aspect

from a raster map layer of true elevation values.

Generates area statistics for raster map layers.

Allows the user to create and/or modify raster map layer
support files.

Surface generation program.

Surface generation program, from raster data.

Thins non-zero cells that denote linear features in a raster file.
Ballistic trajectory model.

Provides transect information across a raster map.

Sums cell values within clumps and calculates

volumes and centroids of patches or clumps.

Watershed basin analysis program.

Raster map overlay function.

Queries raster map layers on their category values

and category labels.

VECTOR DATA MANIPULATION COMMANDS

v.cadlabel
v.digit

v.import

v.in.arc

v.in.ascil

Attaches labels to vector contour lines that have been imported

to GRASS from DXF format.

A menu-driven, highly interactive map development program used for

vector digitizing, editing, labeling, and converting vector data to raster format.
Converts ASCII Digital Line Graph (DLG) files, binary DLG files,

and ASCII vector files into binary vector files and creates the needed

vector support files.

Converts data in ARC/INFO format to GRASS’s vector format,

and stores output in the user’s current GRASS mapset.

Converts ASCII vector map layers into binary vector map layers.
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v.in.dlg
v.in.dxf
v.mkgrid
v.mkquads

v.out.arc
v.out.ascii
v.out.dlg
v.out.dxf
v.out.moss

v.patch

v.prune
v.spag
v.stats
v.support
v.to.rast

v.to.sites
v.transform

v.trim

23

Converts binary DLG (BDLG) file to binary vector {dig) file.

DXF format to GRASS vector format conversion program.

Creates a {binary) GRASS vector map of a user-defined grid.

Creates a GRASS vector map layer and/or sites list

and/or geographic region definition file for a USGS 7.5-minute quadrangle.
Converts GRASS vector files to ARC/INFO’s “Generate” file format.
Converts binary vector map layers into ASCII vector map layers.
Converts binary GRASS vector data to binary DLG-3 Optional format.
GRASS vector format to DXF format conversion program.

Converts GRASS site, line, or area data

into MOSS import format.

(Data Export Program)

Creates a new binary vector map layer by combining

other binary vector map layers.

Prunes points from binary GRASS vector data files.

Processes a Spaghetti-digitized vector file.

Displays information about a user-specified GRASS vector file.
Creates GRASS support files for (binary) GRASS vector data.
Converts a map layer in (binary) GRASS vector format

to GRASS raster format.

Converts a GRASS vector file to a GRASS site-lists file.

Transforms an ASCII vector map layer

from one coordinate systern into another coordinate system.

‘Trims small spurs and removes excessive nodes

from a GRASS vector (digit) file.

MULTISPECTRAL DATA MANIPULATION COMMANDS

1.build.blk
j.camera

l.cca
i.class

i.cluster
i.colors
1.composite

iftt

l.grey.scale
i.group
ihis.rgb

Lifft
i.maxlik

Interactive ortho-photo rectification program.

An imagery function that establishes a camera reference file

for an imagery group.

Canonical components analysis (cca) program for image processing.
An imagery function that generates spectral signatures

for an image by allowing the user to outline regions of interest.
The resulting signature file can be used as input for i.maxlik or
as a seed signature file for i.cluster.

An imagery function that generates spectral signatures for

land cover types in an image using a clustering algorithm.

The resulting signature file is used as input for i.maxlik.

An imagery function that creates colors for imagery groups.

An imagery function that creates a color composite image

from three band files specified by the user.

Fast Fourler Transform (FFT) for image processing.

An imagery function that assigns a histogram-contrast-stretched
grey-scale color table to a raster map layer.

An imagery function that creates and edits groups and subgroups
of (raster) imagery files.

Hue-intensity-saturation (his) to red-green-blue (rgb)

raster map color transformation function.

Inverse Fast Fourier Transform (ifft) for image processing.

An imagery function that classifies the cell spectral reflectances
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i.mod.camera

i.pca
i.points

i.rectify

i.rectify.blk
i.rgb.his
i.tape.mss
i.tape.mss.h
i.tape.other
i.tape.tm
i.target

l.zc

A GRASS COMMANDS

in imagery data based on the spectral signature information generated
in i.cluster.

An imagery function that creates or modifies

entries in a camera reference file.

Principal components analysis (pca) program for image processing.
An imagery function that enables the user to mark coordinate

system points on an image to be rectified and then to input the
coordinates of each point for creation of a coordinate transformation
matrix. The transformation matrix is needed as input for

the GRASS program i.rectify.

An imagery function that rectifics an image

by computing a coordinate transformation for each cell (pixel)

in the image using the transformation coefficient matrix created by
the GRASS program i.points.

An imagery function that ortho-rectifies an

imagery group file.

Red-green-blue (rgb) to hue-intensity-saturation (his)

function for image processing.

An imagery function that extracts Multispectral Scanner (MSS)
imagery data from half-inch tape.

An imagery function that extracts header information

from Landsat Multispectral Scanner (MSS) imagery data stored on half-inch tape.
An imagery function that extracts scanned aerial imagery

(NHAP, etc.) and SPOT imagery from half-inch magnetic tape.

An imagery function that extracts LANDSAT Thematic Mapper (TM)
imagery from half-inch magnetic tape.

An imagery function that establishes a GRASS target LOCATION
for an imagery group.

Zero-crossing “edge detection” raster function for image processing.

SITE DATA MANIPULATION COMMANDS

s.db
s.in.ascii
s.menu
s.out.ascii
s.surf.idw

RIM data base management/query interface for GRASS.

Converts a GRASS site-lists file in ASCII format to binary format.
Accesses and manipulates GRASS sites data.

Converts a GRASS site-lists file in binary format to ASCII format.
Surface generation program, from sites data.

EXTERNAL DATA MANIPULATION COMMANDS

m.dem.extract Extracts USGS Digital Elevation Model (DEM) data from

1/2-inch magnetic tape.

m.examine.tape Provides a description of the files on a 1/2-inch

m.l12u

m.region.ll

m.rot30

magnetic tape.

Converts geographic (latitude-longitude) coordinates to

Universal Transverse Mercator (UTM) coordinates.

Converts Universal Transverse Mercator (UTM) coordinates

falling within the current geographic region

from UTM coordinates to geographic (latitude/longitude) coordinates.
Rotates elevation data extracted by either

m.dted.extract or m.dmaUSGSread.
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m.u2ll Converts Universal Transverse Mercator {UTM) coordinates
to geographic (latitude-longitude) coordinates.

B OVERHEADS
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McDonnell Douglas Integrates RGB Spectrum
Systems in Helicopter Simulators

U.S. Army’s Apache Training Facility Uses
Sophisticated Scan Conversion, Video Windowing

R GB Spectrum’s scan converters and
video windowing products are key
components in McDonnell Douglas’ state-
of-the-art helicopter training facility in
Tempe. Arizona. The facility trains

personnel in the operation of the U.S.
Army’s Apache helicopter.

The Apache uses various types of video

and infrared (FLIR) signals. with tactical
video overlaid by alphanumeric informa-
tion relating to altitude. direction. etc. In

"“The RGB product famlly is
the only way to make this

1
system work.
- Jeff Mordevanece, MeDonnell Dowglas

the stmulator. the student is seated in a
replica of the Apache cockpit, with out-
the-window views generated by an Evans
and Sutherland graphics system.

Continued. page 2.

The instructor’s console from McDonnell-Dowglas” Apache Crew Tramer

The svstem

includes RGB/View* and Warchdog ™ video windovwing products. and the RGBATdcolink

scan converter for videotaping.

Recording

"‘“!‘ :
hizer ;f T

.Y

Y %Inteiligent Hwys..p. 3
#Simulatlon revreneP 4
rtual Reality .....p. 4

"Jmtormg — 2

S 2 ideotape 1s the most
cost-eftective means of’

. storing moving imagery. But
L ordinary scan conversion
down to video resolution may
not adequately convey the
detailed imagery or small
text often found on military
situation displays and air
traffic control consoles.

Revolutionary High-Res

System

The Q Format'™ system uses not one but
multiple frames of video to represent
cach computer image. In this technique
the computer tmage is split across a
number of frames of video depending on
the level of resolution required. For
example. a complex 280 < 1024 pixel
image may be rendered over 4-6 video
frames.

Continued, page 0.«
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Announcing the RGB/Videolink 1700 D-1:
The Worlild’s First D-1 Scan Converter

The Soon-to-Ship RGB/Videolink 17000D-1 Outputs
CCIR601 Digital Component Video as well as NTSC, PAL,
S-Video, and Analog Component Video

A stand-out in RGB’s
new product arena is
the RGB/Videolink® 1700D-1,
the only scan converter in the
world to ouput CCIR601 digital
component video for D-1,
Digital Betacam, and other
digital component tape record-
ers. The 1700D-1 also ouputs
broadcast quality NTSC and PAL compos-
ite video. S-Video. and analog component
video. In addition. a double scan rate
RGB signal at 31.5 kHz 1s available for
projection.

The RGB/Videolink 1700D-1 accepts
inputs from virtwally any workstation or
desktop computer. The model 1700D-1
automatically measures the horizontal and
vertical frequencies of the input signal and
sets up the parameters for the sharpest
picture. It synchronizes to all computer

McDonnell Douglas

e Continued trom page |

The instructor’s console is arranged to
display the same visuals. but in a more
condensed and efficient format. with the
inputs arranged 1n windows on the screen.
The console consists of four monitors
configured as a single display. so that
windows moved off the edge of one screen
appear on the next. RGB Spectrum’s
video windowing products reduce the
number of screens the instructor needs to
monitor, improving the instructor’s focus
of attention and reaction time.

Two video windowing systems are
employed. The RGB/View® system,

Spring 1995

amount of underscan/overscan.
The zoom is so smooth that it can
provide a continuous pan and

The larest model in the RGB/Videolink line of
video scan converters iy the model 1700D-1,

which is the only scan converter in the world
capable of digital component video output.

signals with screen resolutions up to 1600
x 1200 pixels.

The RGB/Videolink 1700D-1 features a
wide range. high quality. zoom. Typically.
this is used to expand a portion of the
image so it fills the video screen. It is also
used to provide just the appropriate

which displays real-time color video ona
monitor. is used to show the out-the-
window scenes. The video can be
positioned. scaled. and overlaid with
computer graphics. Also available are
frame grabbing capabilities, a keyer for
overiaying text and graphics on video, and
software for control under X-Windows.
The Watchdog™, which can display
multiple monochrome video sources, is
used to show the simulated FLIR.

In addition. an RGB/Videolink® scan
converter is used to videotape the simula-
tion. The RGB/Videolink transforms
computer graphics to television format in

RGB Spectr1v.16r;15 Videographics Report

zoom effect while videotaping.

Other features include the ability
to overlay video with computer-
generated graphics. The model
1700D-1 offers a variety of
alternatives. including both a linear
luminance keyer and a chromakever. with
overlays on either composite video or S-
Video backgrounds.

The RGB/Videolink 1700D-1 1~ casy to
use. with sophisticated front panel controls
and on-screen menu-driven control. In
addition. the system saves custom setups.
with user definable smooth zoom presets
always available on the tront panel. And
for remote control. an RS-232 pout is
provided.

real time. allowing the recording of the
computer-generated imagery on a VCR.
All the video feeds shown on the screen
are recorded on a single tape. making
record-keeping and evalution of student
performance easy and etficient.

“The RGB product family is the only way
to make this system work,” according to
Jeff Mordevanec, Lead Engineer for the
operator instructor system. “Nothing else
gave us the ability to work so well with
both 1280 x 1024 computer signals and
875-line FLIR, plus videotape all the
elements tn sync.”

Page 2
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RGB/View Plays Lookout for
California’s “Smart Highways?”

Video Windowing System Allows Live Viewing
of Traffic Problems for Faster Response

T he RGB/View video windowing
system plays a key role in two major
California cities’ state-of-the-art traffic
management systems. Both Irvine and
Pasadena have recently implemented a
high-tech approach to traffic management
called Intelligent Vehicles Highway
System. or IVHS.

In these “smart highway™ systems. video
cameras transmit live tmages from key
locations around the city. Traffic engi-
neers in a contro} room facility can control
the direction and angle of the cameras. and
see the hive video images on their com-
puter screens using the RGB/View system.
This altows early detection of tratfic
congestion so traffic signals can be
adjusted or emergency crews dispatched.

“Advanced traffic management
takes advanced technology.”
Lee Haffelv. AudioVisions. Inc

[rvine’s multi-modal network of freeways.
streets, and transit systems has become a
model for transportation planners across
the country. At the heart of the system is
the ITRAC facility (Irvine Traftic Re-
sponse and Control Center). which
monitors and manages traffic circulation
throughout the city. Regional and C'i(y
traffic grids can be intermixed with live
traffic video. and using the RGB/View
system, can be viewed by traffic engineers
on both their computer monitors and a
large-screen projection display.

The system. which started with video
cameras at six key intersections. will
ultimately have more than 80 cameras.
Already, drivers experience less watting
time at signals and better traffic tlow. The
system’s most important contribution
long-term will be in accommodating
expected increases in local tratfic. Build-
ing new highways or physically widening

Spring 1995

older ones can take months and funding
for such construction is scarce

in California. 1It's much less

time-consuming and expensive
to use technology to improve
conditions on existing streets.

According to Lee Haffely of
AudioVisions, Inc., systems
integrator for Irvine's ITRAC
system, "Advanced traffic
management takes advanced

technology. We chose the | 2 -

RGB/View system for the video

PR — £t preset .

¢ aute wnite datanor

o e 1
_ oo Scan

At W1t e

o J

s
IR
-t B

windowing part of the equation

because not only does it

provide very high quality for viewing. it
places no burden on the host computer.™

Another leader in managing traffic through
technology is the city of Pasadena. whose
Traffic Management Center is similar to
Irvine’s ITRAC. The Center is a sophisti-
cated control room where traffic engineers
use RGB/View systems to display live
video feeds in windows on their monitors
or on a large projection screen. By
combining this real-time video with
computerized city maps and other graphi-
cal information. technicians can respond
quickly to traftic situations by controlling

“The RGB/View system is the
hest way we’ve found to
integrate live video into
computer displays to facilitate

el H ”
decision-making.
Serop Der-Boghosstan, JHK & Assoctates

traffic signals or even communicating
directly with motorists through locat radio
and message signs in strategic locations
around the city.

Pasadenais a growing city with many
commuters and frequent special events
that cause traffic backups. Using video as

RGB SpectruéneVideographics Report

RGBNiew* video windowing products allom
one or more live video swindows 1o be shovwn on
a computer displav. In Pasadena’s svstem, live
video of a freeway (s overlaid on a screen that
gives the operator control of the video camera
(Photo courtesy JHK & Associates.)

a part of a live tratfic surveillance system
allows engineers at the Traffic Manage-
ment Center to respond more quickly.
which means fewer congested streets,
more efticient use of fuel. and improyed
air quality.

Says Serop Der-Boghossian ot JHK &
Associates. the systems manager tor the
Pasadena facility. "The RGB/View svstem
is the best way we've found to integrate
live video into computer displays to
facilitate decision-making. A traffic
engineer who can see a traffic problem
developing in real time can respond much
more quickly.”

RGB Spectrum offers a full line of RGB/
View video windowing systems. Various
models allow the user to configure a
system for showing multiple video inputs,
with feeds from cameras. infrared devices
(FLIR). and even other computers.
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SynchroMaster 300 Is a Hit For
Simulation and Training

The recently-introduced
SynchroMaster™ 300 is generating a
lot of interest in the simulation world.
This image synchronizer combines images
from two high-resolution computer
sources into one composite image. The
system enables more complex imagery
than can be generated by a single worksta-

Fhe Sim Eve " HMD from Kaiser Electro-
Opties, Inc. uses field sequential color signals.

1t can be connected 1o a compulicr aor scene
generator using RG8B Spectrum'’s
SvachroMasters 100. Photo courtesy of
Kaiser Electro-Optics, Inc.

The “Other?”
SynchroMaster

I he SynchroMaster 100 is a color field

sequental scan converter that
converts between color parallel and color
serial signals. High end helmet-mounted
displays often use miniature CRTs with

Continued. page 6....

Spring 1995

tion, an important advantage for real-time
simulation systems.

For example, in a typical situation one
workstation will generate the foreground
and the other the background. The
background signal is digitized and written
to a 1280 x 1024 pixel frame buffer.
synchronized to, and combined with the
foreground signal.

SvachroMaster 300 combines hieh-resolution imagey

from nwo different computer sources.

!

CaBE e TN e L

' SynchroMaster 300 Features
. * Autosync
* Combines asynchronous images
* Mixes interlaced and non-
interlaced images
+ Chroma Key, Linear Luminance
Key, Weighted Sum
» Converts between interlaced and
non-interlaced signals
* Operates with “field extend
mode” simulators
* Automatic configuration for 3,
4, and 5-wire systems
» Control of all functions over
RS-232 port
« Rear panel control
¢ Freeze frame

Computer-in-Computer
Windowing with SuperView VGA

I he SuperView * line of windowing
products has expanded this vear. and

several models are now available. One
unique and interesting version is the
SuperView VGA. an advanced display
system that combines up to tour computer
inputs on a single projector or large-screen
monitor. It provides multi-image impact

L)

at a fraction of the cost of a multi-screen
array.

SuperView VGA was developed for
sophisticated audio-visual applications,
such as mulu-source presentations. show
displays and exhibits. and control room

Continued. page 0

SuperView VGA lets vou position four separate computer (or video) images anvw here on the
screen for mudti-image impact without the high cost of a traditional mudti-projector svstem.

RGB Spectr1lé9} Videographics Report
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Network Operation Centre Uses
ComputerWall Multi-Screen Display

SHL Systemhouse Ltd. Provides Sophisticated Network
Monitoring for Canada Post and Other Customers

R GB’s ComputerWall multi-screen
controller is part of SHL

Svstenmthouse Ltd. s Network Operation
Centre in Ottawa. Canada. The Centre
monitors and maintains a voice & data
communications network for a variety of
clients. mcluding Canada Post. the
Canadian postal service. The Network
Operation Centre was designed and built
by Tempest Management Corp.. and the
audio-visual systems were installed by
AVspex Video Services. both of Ottawa.

The ComputerWall display is used to
control a bank of four large-screen
projectors. Thev can show four different
computer sources or a single image split
dcross the whole 4-sereen array.

“Computerwall’s installation
was simple and straight-
forward and it works
perfectly.”

- Dens Levesque, SHE Svsiemhouse Lid

In the Centre. intelligent systems using
UNIX-based workstations collect and
display information about the health of the
network. which is comprised of over

ulu\iew BI“OCH‘IV;I\;éH +élls Lérge-sz;één

SHL Svstemhouse Lid. s Network Operation Centre i Otawa, Canada. Here, ComputerWall
s used to control a bank of four large-screen projectors. The Network Operation Cenire was

designed and built by Tempest Management Corp and the audio-visual systems were specified

and installed by AVspex Video Services. both of Ottawa.

Photo by W. McElligot

Photography, courtesy of Tempest Management Corp., Ottawa, Canada.

60.000 devices including ternunals,
printers. personal computers. and tele-
phones, providing connectivity to mint and
mainframes. LANs. and telephony
services across the country. It a failure or
potential faiture occurs. engineers in the
Centre can react instantly. and in most
cases avoid any compromise to the
communications network.

Presentation Story

H igh-end projection systems may
appear in many environments —
control rooms, command centers,
auditoriums, exhibit halls, and corporate
board rooms. But wherever they’re
installed, these sophisticated display
systems depend on high quality compo-
nent products to tie them together with
the input signal sources. RGB Spectrum
is proud to offer such products, and has
created a new brochure that details its
innovative solutions.

Products include multi-screen and
multi-image display controllers, high
scan rate frame store synchronizers,
video windowing systems, and video
scan converters. The products de-
scribed in the brochure can be used
individually or in combination to form
the most powerful large-screen and
multi-screen presentation systems
available. For a copy, call 510-814-
7000 and ask for the Large Screen
Presentation Products brochure.

Spring 1995
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The Centre operates 24 hours a day. 365
days a year, and at any given ume there
are eight to twelve people monitoring the
network. The ComputerWall display
system makes it easier for the group to see
what's going on.

Having a high-quality mult-screen display
also serves a marketing purpose: Potential
customers who are touring the facility can
easily see how SHL's system works.
according to Denis Levesque. Manager of
the Network Operation Centre.

“We ' ve had no problems with
ComputerWall.” says Levesque. “Installa-
tion was simple and straightforward and it
works perfectly. And aside from working
well. it looks good.”

ComputerWall, introduced in 1994, is a
multi-screen processor that splits high
resolution computer 1Images across an
array of projectors. The system i<
designed to create wall-sized. computer-
based displays with the brightness and
resolution required for control rooms,

dispatch centers, and simulators.
Page 5
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pixel image
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The Q system uses standard video tape
recorders. Applications include: (a)
training. archiving and monitoring.
wherever large quantities of pictorial data
need to be stored and easily accessed: and.
(b) transmission of high resolution
computer images over ordinary video

PHRE R P NRE N R

channels. For maximum flexibility, the
recording (multiplex) unit and the play-
back (demultiplex) unit are available as
separate modules. The QFormat products
are expected to be available in the third
quarter of 1995.

1280x1024
pixel image
TR O

o I - (O] ] v
Multigiexor S VIDEO SVIDEQ Berruisinlanes
Multiplexor Demultiplexor

The Q multiplexing unit owputs NTSC / PAL composite video and
S-video. the latter preferred for videotaping. the former for video

Stored or transmutted images are replaved through the
demultiplexing unit onto a high resolution computer monitor. For

transmission. Other video formats are under development.

Superview VGA

Continued from page 4.

environments — any setting where
multiple computer screens need to be
displaved at full resolution.

The system accepts a range of VGA inputs
up to 800 x 600 pixels. The resolution of
cach image 1s preserved since SuperView
“mosaics” the input images within a 1280
x 1024 pixel space rather than simply
displaying each image at a reduced

Spring 1995

convenience, the demudtiplexor can share a monitor with a

computer svstem and can be genlocked 1o it.

resolution. Optionally. video inputs are
also accomodated.

SuperView VGA is an external standalone
peripheral device. easily installed. and
compatible with virtually all PCs and
many other computers. Video functions
can be controlled either from buttons on
the casy-to-use tront panel. or remotely
via the RS-232 port.

RGB SpectruTngideographics Report

SynchroMaster 100
Continued from page 4.

color shutters. These require RGB signals
in serial. while computer display systems
require RGB signals in parallel. To
support both, the SynchroMaster 100
converts RGB signals bi-directionally.

RGB Spectrum’s home iy in
Alameda. Calitfornia, about 10 miles
Sfrom San Francisco. Qur address iy

RGB Spectrum
950 Marina Village Parkway
Alameda, CA 94501
Phone: (510)814-7000
Fax: (510)814-7026
e-mail: sales@rgh.com

Page 6




Computerwall

COMMAND CENTERS
CONTROL ROOMS
COMMUNICATIONS CENTERS
SIMULATION SYSTEMS

CONVENTION FACILITIES

AEN
RGB)

A |4

SPECTRUM

Computerwall
Displays Computer Images
Across Mutltiple Screens

ComputerWall is a multi-screen display controller designed for
real-time, large format graphical presentations. It outputs bright.
high resolution imagery easily seen even under high ambient ight
conditions.

Computerwall displays data, graphics and video on single
screens or seamiessly across multiple screens Data assessment ard
decision making are enhanced by ComputerWall's display of infor-
mation from multipte sources The system meets the growing need
for real-fime command and control in telecommunications. trans-
portation, distribution, emergency, police and military operations

ComputerWall is an extremely versatile and modular system,
making it the ideal choice for both new installations and upgrades
of existing facilities. It provides maximum flexibility to the end user or
systems integrator. It supports vanable size display configurations.
video and computer inputs up fo 1280 x 1024 pixels. and a wide vari-
ety of projection devices. ComputerWall can be used directly with
any software or SCADA system

Computerwall easily connects to the RGB analog outputs of
workstations. Its "plug and play” autosync front end ensures that the
input computer image is exactly duplicated (at identical resolution),
on the display wall.

The result is a wall-sized multi-screen display of unsurpassed
brightness and resolution.

1680




Split Mode
Display an image
split across the array

4x4 Configuration

Display split or bypassed images
across sixteen screens

The ComputerWall processor
splits computer images into
quadrants for display across a
2x2 array of four projectors or
monitors. Multiple processors
can be combined to support
larger arrays. |

1681

Bypass Mode
Display non-split, passed-through
images on individual screens

Two modeis are available. The basic ComputerWall accepts two

Split and Bypass Modes

Display split and bypassed
images simultaneously

inputs from computers and can display either as a split image

ComputerWall Plus features a built-in matrix routing switcher with

six inputs.

ComputerWall

Accepts high-resolution analog computer signals
Connects directly to the RGB monitor port
Simple hardware instailation
Compatible with all software

Automatically synchronizes to input signais from workstations of
PCs up to 1280 x 1024 pixels

Extremely high image quality
Splits all computer imagery. including text. graphics,
animation and digitized video
Fult 24-bit internat image processing
Advanced interpolation smoothes magnified images

Accepts NTSC (or PAL) analog video via optional line doubler
Two output modes

Non-interiaced: Output scan rate identical to that of the
computer source, yielding the highest image quality

Interlaced: Output scan rate half that of the computer
source, allowing use of iess-expensive display devices

Expandable to many possible configurations
Computerwall processors can be combined to provide
16-way splits on a 4x4 display array

Mullion control: inter-screen spacing (bezel) compensation

Freeze frame

Remote control of all functions via RS-232 serial port

Computerwall Plus

All features of the basic ComputerWall system

Built-in, six-input routing switcher
Select from among six sources
(up to 1280x1024 pixels each)
Display four quadrants of a split image or non-split
pass-through images, or a combination

Output signals can be blanked during switching to eliminate
undesirable transition effects

Choice of remote or manual control via front panel
pushbuttons
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Technical Specifications

Video input

Video format

Non-interlaced (NTSC/PAL video with obtionol line doubler)

Resolution

640 x 480 to 1280 x 1024

Horizontat rate

to 80 kHz

Vertical rate

45 Hz to 76 Hz

Amplitude

0.7 to 1.0 Volt p-p; white positive

Input impedance

75 Q

Sync amplitude

1 Volt to 5 Volt (75Q)

Connectors BNC (Sync on green or separate composite sync)
15 pin HD D-sub (3. 4 or 5 wire); VGA pinout

Video Output

Resolution Identical to input

Ampiitude Identical to input

Scan rate Identical to input (non-interlaced) or

half of input scan rate (interlaced)

Oufpd’r ﬁnbedonce 75Q

Connectors BNC

Control Input

RS-232 port (1200, 2400, 4800, %OO baud. echo or no-echo)
Mechanical

Size 17.5"x 3.5" x 18 57 (rack-mountable)
Weight 20 Ibs. v

Power 100 Watts

Specifications subject to change without notice
Made in the USA

© 1995 RGB Spectrum

Computerwall ComputerWall Plus
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Alomeda, CA 94501

TEL (510) 814-7000
FAX (510) 814-7026
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THE FIRST
SCAN
CONVERTER
WITH

DIGITAL VIDEO
OUTPUT

Autosync to all
computers

Up to 1600 x 1200
pixel input

Flicker elimination
Smooth zoom
D-1 digital video

NTSC and PAL,
$-Video, component
analog video

Front panel buttons,
on-screen menus
and RS-232 control

Simple external
connections

Al
GlEE sPECTRUM
PV o visual

communications
company *

We designed our new RGB/Videolink scan converter
with the widest range of outputs available, including
CCIR601 digital component video. Now anything you
create on a computer can be recorded in D-1, Digital
Betacam or other digital video formats.

And, even if you aren't ready for digital video,

a unique combination of quality and features makes the
RGB/Videolink 1700D-1 the right choice for all your

scan conversion applications.

INTRODUCING . . .
THE RGB/VIDEOLINK
1700D-1

The RGB/Videolink 1700D-1 transforms computer
signals to broadcast video format in real time. Computer:
generated images can be recorded on videotape, or
displayed on video projectors, teleconferencing systems,
and composite monitors.

The model 1700D-1 automatically synchronizes to all
computer signals up to 1600 x 1200 pixels. This includes
virtually all desktop computers and workstations, from Sun,
DEC, HP, IBM, Silicon Graphics, and others.

In addition to NTSC/PAL, S-Video, component analog
video (Betacam/Mll}, and CCIR601 digital video (D-1
Digital Betacam) outputs for recording, a double scan rate
RGB signal ot 31.5 kHz is available for projection.

State-of-the-art digital signal processing [DSP) circuitry
eliminates interlace flicker in the output image. Even thin
horizontal lines appear stable; twenty-four levels of filtering
offer you the best choice between image sharpness and
flicker elimination.

A powerful zoom function lets you scale a portion of
the image to fill the video screen and provides just the right
amount of underscan/overscan adjustment. The operation
is so smooth that it allows continuous pan and zoom effects
while videotaping.

The model 1700D-1 alsé gives you the ability 1o
overlay computer-generated graphics on video using either
a builtin linear luminance keyer or a chroma keyer, on
composite video or S-Video backgrounds.

Control over so many sophisticated features has never
been this easy. Front panel and on screen menu-driven
controls put all functions at your fingertips. An RS-232 port
is provided for remote control. Custom setups are saved
in non-volatile storage, with user-definable zoom presets

available on the front panel.
Simply stated, the RGB/Videolink 1700D-1 is the

168j‘mest scan converter in the world



Specifications subject to change without notice

Patent Pending
D1995 RGB Spectrum

Computer Input Signals

Type:
Interlace .
Amplitude
Pedestal.
Impedance
Connectors
Video Polanty
Resolution
Scan Rate
Sync Type
Sync on green
Separate sync

Video Outputs

Composite

CAV

Digital
S-Video
Genlock

Overlay/
Superimpose

Visual Controls

Red. Green ond Blue analog video

120

0.5Vio 1 OV peakpeak (black level to white level)
Oto 120 mv

Bridging

BNCs with loop through

Positive

320 x 200 10 1600 x 1200

5 kHz to 140 kHz

Sync on green, separate composite sync or separale horizontal drive and vertical drive
200 mV to 400 mV

1 0Vio 50V polarity negative/positive

Differential pnase < 2 degrees

Differentict gan < 2%
K2T < 1%
KP8 < 2%
Connector BNC
Output Level 1234 V for 100% color bars

07Vioct 4Vpp
Two [one with overlay)

Adjustment range
Number of outputs

15734 kHz, 29 Q97 Hz / 15.625 kHz 25 Hz
15734 kHz, 29 97 Hz / 15.625 kHz 25 Hz
31469 kHz, 59 Q4 Hz / 31 25 kHz 50 Hz

Broadcast RGB scon rate
Y, PB, PR scan rate
Double rate RGB scon rate

10 bit CCIR601 [RP125 /EBU Tech. 3267-E] parallel and serial
Standard S-Video levels on a four pin mini-DIN connector

Broadcast quality genlock with timing controlled through the serial port or onscreen
sdisplay. S-Video, composite 9NTSC /PAL), black burst

linear luminance keyer and linear chroma kever, NTSC/PAL or S-Video

Zoom 70% - 250%

Pan

Aspect ratio
Overscan/underscan adjustment
Flicker filter - 24 levels

Fade to black

Freeze frame

Serial Communications

Physical-
Contiguration
Data:

Echo.

Baud rate

Physical
Dimensions
Weight

Power

Control

@ pin D-sub

Software switched between DCE and DTE

8 bits, 1 start, 1 stop / 7 bits, 1 start 2 stop / parity optional
User selectable

300, 1200, 2400. 4800, 9600, 19200, 38400

-

A [ 4
SPECTRUM
Q50 Moaring Village Parkway
Alameda Califernia 2450
TEL (510184 7000
FAX ST 84 728

175w x 140 (d} x 3 5(h)
18 ibs
AC Q0-132V or AC 180-264V 100W

On screen menu display
RS2372 serai port
Front pane:
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. image Data
Image Data From Scanning Cameras

Image Data From Aircraft

Image dala can aiso be acquired from multispeciral scanners aboard aircraft
rather than satelites. This can be usaful if you cannot walt for the next satellite
pass over a parlicular area, or you deskre a specific spatial or spectral resolution
that cannot be attainad with the satellites.

AT A A

This type of data acquisition can also be beneficial in the event of a natural or
man-made disaster, because there Is more conirol over when and where the
data are gathered.

Vli_na'ge Data From Scanning Cameras

Besides sateliite data, hardcopy maps and photographs can be incorporated into
the ERDAS system through the use of a scanning camera or video digttizar.

In ERDAS, scanning refers to the transter of analog data; such as photographs,
maps, or another viewable image, into a digital (raster) format.

~ Scanning vs. Scanning is remote sensing in a manner of speaking, but “remote sensing” is
. Remote Sensing usually reserved for sateliite or ‘aerial data collection. The scanned object is
usually a map, picture or other representation of the earth, but it could be

anything you wanted 1o incorporate into your data base.

A
ko2
By
3
£
g
£
N

R
#

Once an image is scanned, it Is stored in a LAN file and can be refrieved,
-displayed. enhanced, and analyzed fust as any other remotely sensed data.

Video Video digitizing involves digitizing a frame of analog video camera input. An

Digitizing analog-to-digital converter, known as a frame grabber, digitizes the data and
stores i in the memory of the digilizer. Memory is then read by the host
computer and the digital information is stored in a LAN file.

Video digitizing is dependent upon the resolution of video camera which is
defined as 512 x 480. It cannot be improved over this vakse.

Eikonix Eikonix scanning involves the use of a camera mounted above a moveable

Scanning stage. The map, pholograph, transparency, or other object to be scanned is
placed on the stage and the detector within the camera moves o record the
image, transferring it from analog to digital data.

Field Guiile

1687
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_Image Data ‘
Radiometric Correction’

Advantages: Eikonix scanning allows you to create a 4096 x 4096 digital image, and Eik
images have better color fidelity than video cﬁgihzed images, "

You control:

&  exposure level,

e focus accuracy,

® scanning dimensions, and
®  scanningcolof.

You can creale single or muliband images in color or blad<-and-whnte. Tha
image - youcreateissavedloaLANme andmencanbetﬁsp!ayadontha‘
display screen, or output to hardcopy.

Dovwnsampling Downsamipling is ‘the skipping of pixels during the display of the scar
process.

llyousendﬂmscamedimagatome dispiay screen or to a printer, the numbe
of pixels' must often be downsampled to account for the discrepancy in -the
resohstion-of the camera and the resolution of your display device-or prinie
cameracanswnaupioaatosﬁxw%area blnyourdisplaymayonlybeabla
todlsplaya1024x 10240(512x512ama

Radiometric Correction

There are several ervors ‘that are manifested in the data due to ‘the sensoa'
system. Below are some common problems and how to remedy them.

Q Thése. errors are usually already corrected in data you receive from EOSAT or
SPOT.

%

Line Dropout Line dmpout occurs when a detector either completely fails to funchon, or :
- . becomes temporarily overloaded during a scan (like the effect of a camera flash

on your retina). The result is-a line or partial line of data with highier data ﬂle
valyes, creating a horizontal streak until the detector(s) recover, i they recover. -

Line dropout is usually corrected by replacing the bad fine with a line of estimated:
data file values, based on the fines above and below i. o

i
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. Imaye Data
" ' Radiomelric Correction

Strping  Banding or striping will ocour ¥ a detector goes out of adjustment - that is, i
provides readings consistently greater than or less than the other dstectors for
the same band over the same ground cover.

Somie Landsat 1, 2 and 3 data have striping every sixth line, due-to improper
calibration of some of the 24 detectors that are used by the MSS. The stripes
are not constant data values, nor is there a constant error factor or bias. The
differing response of the errant detector is a complex function of the data value
sansed.

To help to eliminate the stripes, six histograms are computed - one for every 6th
line, starting at line 1, line 2, etc. to line 6. These six histograms are averaged.
Then, alookup table is computed for each of the six histograms, which is used to
map every pixel in the corresponding set of lines to approximate the average:

Skew As a satellite orbits the earth from north to south or south to north, the earth
rotates baneath it such that the position of the satellite relative to the earth moves
westward. Therefore, each line of data represents terrain that is slightly west of
the data in the previous line. This condition is called skew.

Landsat data sets gathered prior fo 1979 are provided only in the EROS X
format, which does not comect skew. Later data sets are in the EROS EDIPS
format, which does.correct skew.

1689
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Rectification

Definttions

Chapter 7
Rectification

Definitions

Map Projeciions
and Coordinates:

Rectification

Registration

Field Guide

Raw, remotely sensed image data, gathered by a satellite or alrcraft, Is a
representation of the imegular surface of the earth. Even images of flat areas are
distorted by the earth's curve. This chapter covers the processes of

geometrically correcting an image, s0 that it can be represented on a planar
surface, or so that it conforms to other images.

A map projection system is any system designad to represent the surface of 8
sphere or spheroid (such as the earth) on a piane. There are a number of
different map projection methods. Since tlattening a sphere to a plane causes
distortions to the surface, each map projection syster compromises accuracy
between certain properties, such as conservation of distance, angle or area.

The properties of map projections and of particular map projection
systems are discussed In "Appendix D: Map Projections.”

There are a number of map coordinate systems for determining location.on an
image. These coordinate systems: conform to a grid, and are expressed as X,Y

{coliimn; row) pairs of numbers. Each map projection system is associated with:
" a'map coordinate system.

Rectlficatlon is the process of projecting the data onto a plane, and making it
conform o a map projection system. In'many casas, the image must also bs
oriented. so that the north direction corresponds to the top of the image.

In the rectification process, the grid of the raw data must be projected onto a new
grid. Resampling Is the process of extrapolating data values for the pixels on
the new grid from.the values of the source pixels.

Latitude/Longitude is a map coordinate system that is not associated with a map
projection. LavLon expresses locations in the terms of-a sphere, not of a plane.
Therefore, an image is not usually "rectifled” to LatLon.

In many cases, images of one scene that are collected from different sources
must be used together. To be able to compare separate images pixel by pixel,
the pixel grids of each image must conform to the others in the data base. The
tools for rectifying image data are used 1o transform disparate images to the
same coordinate system.

Registration is the process of making image data conform to another image. A
map coordinate system is not necessarily involved.

163
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Rectification
When To Rectify

Georeferencing Georeferencing refers to the process of assigning map coordinates 10 image N
data. The image data may not need to be rectified - it may already be projected '
onto the desired plane, but not yet be referenced to the proper coordinate
system.

Reciification, by definition, involves georeferencing, since all map projection
systems are associated with map coordinates. Image-to-image registration
involves georeferancing only if the reference image is already georeferenced.

Georeferencing, by itself, only involves changing the map coordinate information
in the image file. The grid of the image does not change.

Geocoded Data Geocoded data are images that have been reclified to a particular map
projection and pixel size, and have had radiometric corrections -applied. Image
data can be purchased that is already geocoded. it is only riecessary to rectify
geocoded data if it must conform to a different projection system, or be registered
to other data.

When To Rectify

Rectification Is necessary in: cases where the pixel grid of the image must be
changed-o fit a map projection system or a reference image.

There are several reasons for.rectifying image data:

e  for scene-to-scene comparisons of Individual pixels in applications such as
change detection or thermal inetia mapping (day and night image
comparison),

e for developing GIS data bases for GIS modeling,

e foridentifying training samples according to map coordinates,

e for creating photomaps,

e fooveriay an image with ARC/INFO vectors,

e forcomparing images at ditferent scales,

e for mosakcking images, or

® any other ications in which precise hic locations must be
P iNlag, appl P geograp _

164 Erdas
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Rectification

Whaen To Reclity

Whento
georeference

Recttﬁcamn is not necessary if there is no dlstonion in the lmage For example,
if an image file. Is produced by scanning or digitizing a paper map that s in the
desired projection system, then that image is already planar, and does not
require rectification unless there Is some skew or rotation of the image.

Scanning and dighizing produce images that are planar, but do not contain any
map coordinate information. The image needs only to be georeferenced, which
I8 a much simpler procass than rectification.

Dls'advantaées
of Rectiffcation

Classlfication

GIS Files

Field Guide

During the-process ot recliﬂcatlon the data file values of rectified plxels must be
resampled to fit into a new grid of pixel rows and columns. Although the
algorithms for calculating these values are highly reliable, some spectral integrity
of the data can be lost during rectification, If map coordinates or map units are
not:néaded in your application, then it may be wiser not to rectify your image. An
unrectified image is more spectrally correct than a rectified image.

It you are ‘classifying your image, it is recommended that you do so- befora you
rectify, for the same reasons. The classification will be more accurate if the
original data file values are used in the algorithms: Another benefit is that a GIS
file has only one band to rectify, instead of the multiple bands of a LAN file.

Only. the nearest neighbor and GIS aggregation resampling methods are

appropriate for GIS files, which may be a drawback in some appllcamns (Sea
below for.an- explanation of the available resampling methods. )

165
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Rectification

Steps in Rectifying Image Data

|
Dispiay
Disk
1)
2)
3)
166

Steps in Rectifying Image Data

Registration and rectification involve the same set of procedures. Throughout
this documentation, any reference 1o rectification also applies to Image-to-image-
registration.

An lmage can be reciified elther temporarlly, on the display device, of
permanently, with the changes storedto a new-output file.

Rectification of a data file Involvava:v

® rarranging the pixels of the image onto-a new grid, which conforms to a
plane in the new map projection and coordinate systern, and

e inserting new Information 1o the header of the file, such as the upper left
corner map coordinates, and the area represented by each pixel.

Usually, rectification is the conversion of data file coordinates to some other grid
and coordinate system, called a reference system.

Reclifying or registering image data on disk involves the following gensral steps,
regardless of your app‘llcaﬂon.

Locate ground control points, with GCP (image Processing). (Ground control
points can also be generated with PROGCP {(Image Processing) for converting
from one map projection system to another.)

Compute and test a transformation matrix with COORDN {image Processing).
(LRECTIFY (image Processing) also allows you to create a 1st-order
transformation matrix.)

Create an output image file, with the new coordinate information in the header.
The pixels must be resampled to conform to the new grid. Use LRECTIFY or
NRECTIFY (Image Procsssing).

These steps are explained in datail under the headings below.

Erdas
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Rectification

Ground Control Points

Ground Control Points

Ground control points (GCPs) are specific pixels in image data for which the
output map coordinates (or other output coordinates) are known.

GCPs consist of two x.y pairs of coordinates:
®  source coordinates, which are usually dala file coordinates, and

e reference coordinates; the coordinates of the map or reference image to
which the source image is being registered.

The rectifled coordinates of the image are extrapolated from the ground control
points. Ideally, the rectified coordinates for the ground control points are exactly
equal to the reference coordinates. Since there.is often some error tolerated in
the rectification, this Is not always the case.

The term "map coordinates™ is sometimes used loosely to apply to reference
coordinates and rectified coordinates. These coordinates are not limited to map
coordinates. For example, in image-to-image registration, map coordinates are
not necessary.

Enter
Groun
Control Points

Field Guids

Accurate gmund control points are essential to an accurate recnﬂcation From
the ground, control points, the rectified coordinates for all other points in the
image are extrapolated. Many GCPs should be located throughout the scene.
The more dispersed the GCPs are, the more reliable the rectification.

GCPs for large-scale imagery might include the intersection of two roads, airport
runways, utility corridors, towers, or buildings.. For small-scale imagery; larger
features such as urban areas, water features or geologic teatures may be used.

The source and reference coordinates of the ground control points may .be
entered in the following ways.

o  They may be known & priori, and entered at the keyboard.

@ The poinfing device may be used to select.a pixel from an image thatison
the display screén. This method can be used to enter either source
coordinates:or reference coordinates.

e To register an image to a hardcopy map, a dlgitizing tablet may be used.
{Information on the use and setup of a digitizing tablet is discussed in
"Chapter 2: Vector Data.")

These coordinates are stored in a ground control point file (GCP file) with the
extension GCP.

167
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Rectitication

Orders of Transformation

Orders of Transformation

Transformation
Matrix

168

Polynomial equations are used to convert source coordinates to rectified
¢oordinates. Depending upon the distortion in the imagery, the number of GCPs,
and their locations relative to one another, complex polynomial equations may be
required to express the needed transtormation. The complexity of the polynomial
is known as the order of the polynomial. The order is simply the highest
exponent used in the polynomial.

The order of transformation is the order of the polynomial used in the
transformation. ERDAS allows 1st- through 10th-order transformations. Usually,
1st-order or 2nd-order transformations are used.

A discussion of polynomials and thelr orders Is Included In “Appendix A:
Math Topics.”

A transformation matrix Is computed from the GCPs. The matrix consists of
coefficients which are used in polynomial equations to convart the coordinates.
The size of the matrix depends upon the order of transformation.

The goal, in calculating the coefficients for the transformation, is 1o find the
polynormial equations for which thera is the laast possible amount of emor when
they are used to transform source coordinates of the GCPS iinto the reference
coordinates. It-is not always possible to derive coefficients which produce no
error.

For example, these GCPs are plotted-on a-graph, and compared to the curve that
is expressed by a polynomial:

Polynomial Curve vs. GCPs

refarence x coordinate

Source x coordinate

~ Every GCP influences the coefficients, even if there is not a "perfect ft" of every

GCP 1o the polynomial that the coefficients represent. The distance between the
GCP reference coordinate and the curve is called RMS eror, which is discussed
below.

The least squares regression method is used to calkculate the transformation
matrix from the GCPs. This method woukd be discussed in a statistics textbook.

Erdas
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Rectification

‘Georeferencing

Georeferencing |

Field Guide

Georeferencing is the process of updating a file header with new map coordinate
information. This involves redefining:

e the map coordinate of the upper left comer of the image, and

e thecell size (the area represented by each pixel).

Georeferencing is usually needed for files created by scanning or digitizing,
which are generated in the proper map projection, but do not contain the map
coordinate information. - :

189
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Rectification
Projection Files

Projection Files -
Several ERDAS programs fake use of a projection file (PRO extension). This
file contains parameters that are specific 1o the map projection used in an image
or vector (DIG) file. '
The programs that use PRO files ask a set of questions that are specific to the
map projection/coordinate system being used. The responses to these prompts
are storedinthe PRO file.
The PRO file is used...
e toconvert coordinates from one map-coordinate system to another.

& o provide defaull parameters for the projections’ calculations in ERDAS
programs, whenever a PRO file has already been generated for a data file.

® 1o provide LatLon coordinates for the image, regardiess of the: map
coordinale system to which ihe file is georeferenced.

o Theprompuusodtoromeﬁng Pﬂomoparametersaredocumomadln
"Appendix D: Map Projections” of this manual. -

o The format of the PRO file Is documented In "Appendix B: ERDAS File
Formats & Extensions.”

190 Erdas
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IMAGE MEASUREMENT AND AERIAL PHOTOGRAPHY

MAGAZINE FOR ALL BRANCHES OF PHOTOGRAMMETRY AND ITS FRINGE
AREAS

Organ of the German Photogrammetry Association (Regd. Assn)
Editor Kurt Slawik, Berlin Wilmersdorf, Hildegardsrasse 5

With acceptance and publication of Reprinting is only permitted with the
manuscripts, the sole right for copying { permission of the magazine management
and ftranslating is ftransferred to the and with a brief source reference.

publisher Liability is not accepted for rejected
manuscripts
1958 Berlin-Wilmersdorf, 1 March 1958. No. 1

Contents: Mechanical Radial Triangulation with Convergent Photos, P.1/ Gotthardt;
Comparative measurements with Stereotop and AeroProjector Muitiplex, P.
8/Weimann; Sectional Drawings with Planigraphs, P.12, Wirths, the Application of
Aerial Photo Measuremenet in the Production of Cadaster Cards in North-Rhine-
Westphalen, P. 21, /Hasse/Nowatzky, RE: The Conjunction of Successive P, P.
29/Dressler, Aerial Photo and Cards Exhibition in Berlin, P. 30/Repots {P. 32. Book
Reviews P. 38hotographs

MECHANICAL RADIAL TRIANGULATION WITH CONVERGENT PHOTOS
By Dipl-ing. G Konecny, Munich.

1. General.

Control point determinations are significant for photogrammetric evaluations.
Due to the high costs of control point determination, however, efforts are
being made to replace the more precise geodetic determination methods with
more economic photo triangulation. In small-scale areas, radial triangulation

has not lost its significance for quickly determining the horizontal control
points.

In recent years convergent photogrammetry has gained fresh momentum due
to its more favorable surface performance. Since 1951 the U.S. Geological
Survey has used several 15/23 wide angle chambers with a convergence
angle of 40° for production of cards on a scale of 1: 24 000. Park Aerial
Surveys and AMS have also used convergent wide angle photos for high
altitude aerial flights.

For European photogrammetric probiems, the convergent photo with the
Zeiss-Aerotopograph normal angle, dual chamber 2 X RMK 21 / 18 might be

1699
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applicable. Dr. Brucklacher (1) gives a brief description of the possibility of
radial triangulation with convergent photos.

During a two year USA stay in 1955, the author was engaged in applying
mechanical radial triangulation methods to convergent wide angle photos at a
convergence angle of 40° = 2v. These involved tests with the picture siot
method and with metal templets. However, the considerations were also valid
for numerical radial triangulation, whose use had long diminished.

In radial triangulation, angles in the photo are compared with angles in nature.
in doing so, 3 specific points can be used as radial centers [2]:

1, The main point (M)

2. The nadir-point (N)

(3) The focal point (F) (the angle-faithful point).

if v =0 (i.e. in the case of an exactly perpendicular photo), all three points
converge in one point and all angles measured in it between rays in the
picture and in nature are equal. Usually, however, the picture angle will
undergo distortions due to picture inclination and unevenness on the site.
According to Fagergolg [3] the radial distortions in the picture for
approximately vertical photos are:

PR | v
For the main point: da = E sin 2a— '-T{% con @,
For the nadir point: da = T—:— e, ‘V
. Ty A2
For the focal point : Jq = —m%—j—{- COB o,

Legend:

v =inclination

a Angle of the ray counted from the inclination axis

4z = Difference in height between the end points of a ray
R = Length of the ray.

In practice, the nadir and focal point are usually not precisely definable due to

lack of knowledge of the exact inclination; - in vertical pictures , therefore,

1700
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particularly, however, due to the secure possibility of transmitting the points -
one uses approximately radial centers at prominent picture points in the
proximity of iihe ideal position. According to Fagerholm, the formulae provided
would thus still need to be supplemented if the actual radial center was at a
distance of & alongside the inclination axis and 4 (not legible) perpendicular to
it; namely by the expressions ;

. fw AZ

+ (Em 2&-*——41—{2—'{‘.%&)47— (vmn‘a:—-}*t—mn )5 '

From this it emerges that nadir- point triangulation is more favorable when
there are large land height differences and focal point triangulation takes

precedence for large picture inclinations.

R. Foerstener (4) made a graphic representation giving an overview of the
direction errors of main point-, nadir- point and focal point triangulation. His
publication also contains the deduction of the complicated, strong (strongly
simplified? )relationships of the direction errors which, in the perpendicular
case (v up to 5°), can be transmitted by series development in the above-

mentioned, greatly simplified form.

The strict formula for focal point triangulation is noted here for interest'

. ﬁj—%msd[sha(l_gbg ')_._its_’_]_l_[tg (" AV)-‘
i 7 "2( )
d A . . # .
=)+ e e s conn)— g ] — [ro e 5]

[ama smr_i‘f{;‘—d%coav]r-tge ama[sma mv—%%?.
[smr cm’a-—-% ébgsma cuav]-}-tg& maalmna mr———uw—z—]

F= focal distance and h = flight altitude

2. Focal Point Triangulation.

A comparison of the formulae shows that a radial center, which - depending
on inclination and uneven topographies - causes the least number of errors,
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will lie somewhere between nadir-point and focal point. When the strict
formulae are evaluated, a range of 0.1 > AZ >0 emerges in which focal

h
point triangulation will be more favorable than nadir-point triangulation. This

always applies to high-altitude flying, as well as for level and medium-hilly
land.

Contact copies of convergent photos can consequently be used directly for
radial triangulation without special aids, as long as one knows the

convergence angle and thereby (approximately) the inclination angle.

The focal points lie vertically to the inclination axis at a distance of ftg v
2
from the main point of the picture, approximately in flight direction or

contrarily. They can be easily constructed on a transparent templet

and thus transmitted onto the photos, likewise the selection and transmission
of other external connection points. The further transmission of focal points
from photo to photo occurs stereoscopically, as do the selection and
transmission of external connection points. Although with convergence
photos stereoscopic viewing without compensation through enlargement is
subject to strong compulsion, and will only be possible in the point’s
immediate surroundings, stereoscopic point transmission is possible after
some practice, especially when one uses inclined photo carriers in
conjunction with a mirror stereoscope.

The following diagrams serve to explain the network image:
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Diagram 1 Focal Point Triangulation

Y d=100% -
[
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Diagram 1b. Geometric Interrelationships

Diagram 1a.Convergent Photo
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Diagram 1 c. Focal Point Network

In Focal Point Fn, 6 directions result according to points An, Bn, F'n+1, Dn,
C(illegible) and F1n, permitting a very rigid triangulation network to be
constructed.

Due to the network’s rigidity, the focal point method in mechanical radial
triangulation- which in today’s practice is used almost exclusively - is only

possible without disturbing gapings when the direction errors remain small.

Theoretical directional deviations must therefore at least be sufficiently precise

to enable a radial point to be determined and transmitted. If we assume a
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value of 0.3 mm for this precision at the end point of a ray, then in the most

unfavorable case we receive — at a fixed v = 20° - a value of
Az

h = 11%6@

The focal point of the triangle can consequently be
executed when Az

h =11% remains.

Care must be taken to keep & and Av as small as possible, since the errors
they cause are several times the number of errors conditioned by nadir-point
and topography. It is therefore recommended that the focal points
themselves be used as radial centers, even if they are not prominent points in
the photo. Their fransmission must be carried out with particular

meticulousness.

3. Nadir-Point Triangulation with Distorted Pictures or Rays

To reduce the disadvantages that accompany focal point triangulation, an
approximated distortion of the photos (by half the convergence angle) can be
performed. The nadir-point of the copy point then corresponds to the
directional fields of a regular main point triangulation. The only difference lies
in the fact that each nadir point has two appended pictures of the dual
chamber. In each of the two pictures, the pictures are each determined
according to 5 points. Two of the rays in the inclination axis are then identical

in both pictures. This results in an expanded form of a lozenge (rhombus).
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Diagram 2. Nadir-Point Triangulation

if £ = 0% the directional distortion can be fully ignored For &

= (illegible) and with 0.3 mm distortion at the end point of the ray at v = 200,
one obtains a limit of Az < 11.3/,. Here, too, therefore, it advisable to use
h

nadir - points attained with a templet instead of other nearby prominent points
so that £ can be kept small.

Distortion can occur in different ways. The simplest is photographically, by
means of a distortion device in accordance with data for settings [5]. Of the
European devices, the Zeiss SEG 1 and the WILD E 2 are well suited for 40°
convergent pictures because of their large inclination areas. Naturally,
distortion can be limited to the rays themselves by means of suitable methods

it can, for example, be graphically [5] executed.

A mechanical distortion of rays takes place in the RS radial sector of a Zeiss
Aerotopograph. As a universal instrument for radial triangulation it possesses
a device to adjust v picture inclinations up to 22.5° and to correct all rays for
the adjusted v in the nadir- point. The advantage of using the radial secator

is that a radial point triangulation can be executed directly with contact copies.
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4.Stereotemplet Triangulation

If one also expands the concept of radial triangulation so that angles in the
stereo model-are included with those in nature, then the stereotemplet method

introduced by the National Geographic Survey belongs in the area under
consideration [6].

The method is based on the {observation /fact/ assumgtion?} that in a relative

and an almost absolutely-oriented model, the radial displacements between
the orthogonal projections of any balancing-out of any yardsticks are
practically ineffective. The method was therefore employed mainly for
balancing yardsticks of aerotriangulation blocks [7].

In the case of radial triangulation, however, no height information is used. For
the use of the stereotemplet method therefore, an approximate
horizontalization of the model, roughly like running water, suffices. Knowledge
of the yardstick is therefore immaterial. The model’s horizontalization

precision will usually increase with the altitude at which the pictures are taken.

The choice of radial center is optional, since the model represents a true
image of nature. To achieve a more favorable scale compensation, one

selects two diagonally-facing radial centers (Diagram 3).

Naturally, an arrangement as in nadir-point triangulation is also possible and

is recommended , especially in the case of several picture strips. (Diagram 3)

T

Diagram 3. Stereotemplet
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The templets_into which holes and slots are stamped later, can be attained
with the aid of any stereo evaluation device for convergent photos.
Manufacturing of the templet might be most profitable in Device 2
arrangement (Kelsh plotter with pantograph, multiplex, twinplex).

Comparison of the Different Procedures

The three procedures described were tested in practice on a photographic
flight at 10,000 m. altitude. The radial triangulation consisted of 2 strips, each
with 8 models of 100% overlap, photographed with a 40° * 2 X 15 / 23 Mark
Hurd convergency chamber with Metrogon objectives. In a 25 X 100 km test
area, 42 fixed-point positions were known. Of these, 4 or 5 fixed points,
respectively, were used to adjust the formation/assembly, the rest served as
control points. Contact detachments and distorted pictures were available on
a scale of 1:50 000. As triangulation scale, 1:50 000 was selected.

The results are briefly summarized below:

Maxima | Media | Systematic
| n Share

Fixed Point

Axa | AYd {AXdm oy Aun | Axdm | Aydmm
7 mm__{™M m m m
Metal Focal point 49 32 26 15 13 1
Templet | triangulation
methods
Focal point {49 30 |25 15 11 1
triangulation ‘
Nadir-point | 121 {101 {53 {31 29 |16
triangulation
Nadir-point 149 |82 30 27 |6 1
triangulation
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Photo
slot
methods

Focal point
triangulation
with simple

132

18

12

11

photographic

templet image \
| Nadir- point 37 29 20 17 5 L1
triangulation
with simple ‘ \
photographic *
templet image
Nadir-point 18 21 8 7 0 y
trianguiation o, "

with radial v 5
secator "

 Stereotemplet | 16 19 |5 7 0 5 TR !
2]
S 1

A glance at the overview shows immediately that the results with metal
templets appear unusable in comparison with picture slot methods. The errors
are apparently caused by torsion of the metal arms and by rotations of the
individual arms against one another when Lazy Dazy templets are screwed
together. The relationship of the precision of the metal templet method to the

picture slot method reflects the results for vertical photos published by
Fagerholm in [3].

In the case of nadir point triangulations, one recognizes the strong
dependence of the (illegible) fixed point hanging up of the
formation/assembly. Only after 5 fixed points have been used does the

(illegible) acquire adequate stability. In contrast, the focal triangulation

network is more rigid, thus providing better results; the external “ illegible”
there are determined by 4 rays, compared with only 3 rays in nadir-point
triangulation.

When carried out with a simple template image, both focal point- and nadir
point triangulation, are at a disadvantage compared with nadir point
triangulation by means of secator. The reason is the lack of precision in
transmission and punching of the triangulation points, which Fagerholm had

already viewed as a principal source of errors in mechanical radial
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triangulation. In the case of a radial secator, this is reduced by viewing the

photo through a magnifying glass during punching.

In the end, where the ground is level, the stereotemplet method demonstrates
the fewest theoretical errors. There are no transmission errors, since the
radial points in the model are adjusted, and strongly reduced to templet
dimensions by means of a pantograph or coordinatograph. In practice, only
errors arising from punch imprecision have an effect, and the radial secator
reduces these. Thus the results of stereotemplet methods and nadir point

triangulation using a radial secator should be viewed as of equal value.

The time requirement for the various procedures was as follows:

Focal point triangulations

using simple devices 36 photos 10 hours

Nadir point triangulations

using simple devices 36 photos 9 hours +

4-8 hours with distortions

Nadir point triangulation
With radial secator 36 photos 6 hours

Sterotemplet methods 16 models 20 hours

In the writer’s opinion, it is clear that a generally-valid quantitative comparison
of methods based on the available photographic material is not possible.
Likewise, the question of propagation of the most systematic or pseudo-
systematic radial triangulation errors can only be clarified through a wider
selection of photographic material. He was able, however, to determine in
what manner the individual methods were suited for radial triangulation.
Similarly, the consistency in the size of errors in vertical- and convergent
photos leads one to assume that that it is not the theoretical errors but rather
those of the mechanical triangulation that are decisive in mechanical radial

triangulation.
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[2] R. Finsterwalder : Photogrammetry, P. 256-259.

[3] Fagerholm. See German version.

[4] R. Foerstner. Aerial Photo Tendencies to Err Directionally in Radial
Triangulation. Stuttgart, 1948.
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Abstract - In this paper we address the problem of fusing images
from many video cameras or a moving video camera. The
captured images have obvious motion parallax, but they will be
aligned and infegrated into a few mosaics with a large field-of-
view (FOV) that preserve 3D information. We have developed a
geometric representation that canm re-organize the original
perspective images into a set of parallel projections with different
oblique viewing angles. In addition to providing a wide field of
view, mosaics with various oblique views well represent occlusion
regions that cannot be seen in a usual nadir view. Stereo pair(s)
can be formed from a pair of mosaics with different oblique
viewing angles and thus image-based 3D viewing can be achieved.
This representation can be used as both an advanced video
interface and a pre-processing step for 3D reconstruction.

Keywords — stereo mosaics; image-based rendering; visual
representation;

I. INTRODUCTION

A 2D panoramic mosaic of a 3D scene generated from
video from a translating camera has the geometry of multiple
viewpoints [1,2], but it only preserves information from a
single viewing direction. Three-dimensional (3D) structure
and surface information from other viewing directions of the
original video is lost in such a representation. A digital
elevation map (DEM) generated from aerial photometry
consists of a sampled array of elevations (depths) for a number
of ground positions at regularly spaced intervals [3]. It usually
only has a nadir viewing direction, hence the surfaces from
other viewing directions cannot be represented. However, in
some applications such as surveillance and security inspection,
a scene or an object (e.g. a vehicle) needs to be observed from
many viewing directions to reveal anomalies hidden in
unusual views. Stereo panoramas [4,5] have been presented
as a mechanism for obtaining the “best” 3D information from
an off-center rotating camera. In the case of a translating
camera, various layered representations [6-8] have been
proposed to represent both 3D information and occlusions, but
such representations need 3D reconstructions.

This paper presents an approach for fusing images from
many spatially distributed video cameras or a moving video
camera into a few mosaiced images that preserve 3D

information. In both cases, a virtual 2D array of cameras with

FOV overlaps is formed to generate complete coverage of a
scene (or an object). Note that many viewing directions are

0-7803-9134-9/05/$20.00 ©2005 IEEE

Allen R. Hanson
Department of Computer Science
University of Massachusetts Amherst, MA 01003
hanson/@cs.umass.edu

already included in the original camera views. This property
has been used in the X-slit mosaics with non-parallel rays [9]
for image-based rendering. In this paper we propose a
representation that can re-organize the original perspective
images into a set of parallel projections with different oblique
viewing angles (in both the x and the y directions of the 2D
images). Mosaics with 2D oblique parallel projections are a
unified representation for our previous work on parallel-
perspective stereo mosaics [11,12] and multi-camera mosaics
[13,14]. Such representations provide a wide field of view,
optimal 3D information for stereo viewing and reconstruction,
and the capability to represent occlusions. This paper is
organized as follows. In addition to the description and
discussions of the unified presentation in Sections II and III,
we also present a general ray interpolation method in Section
1V, and a mosaic-based 3D rendering method in Section V.
Experimental results are given in Section VI for two important
applications — aerial video surveillance and under vehicle
inspection. Section VII is a brief summary.

I1. 2D OBLIQUE PARALLEL PROJECTION

A normal perspective camera has a single viewpoint, which
means all the light rays pass through a common nodal point.
On the other hand, an orthogonal image with parallel
projections in both the x and y directions has all the rays
parallel to each other. Imagining that we have a sensor with
parallel projections, we could turn the sensor to capture
images with different oblique angles (including both nadir and
oblique angles) in both the x and y directions. Thus we can
create many pairs of parallel stereo images, each with two
different oblique angles, and observe surfaces occluded in a
nadir view.

Fig. 1 shows the parallel stereo in a 1D case, where two
oblique angles £; and 3, are chosen. The depth of a point can
be calculated as

Z=—B M
tanﬂz —tanﬂl

where §; is f; are the angles of the two viewing directions,
respectively, and B is the adaptive baseline between the two
viewpoints that is proportional to the displacement of the
corresponding points in the stereo mosaics. It has been shown
by others [10] and by us [11, 12] that parallel stereo is
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superior to both conventional perspective stereo and to the
recently developed multi-perspective stereo with concentric
mosaics for 3D reconstruction (e.g., in {5]). The adaptive
baseline inherent in the parallel-perspective geometry permits
depth accuracy independent of absolute depth in theory
[10,11] and as a linear function of depth in stereo mosaics
generated from perspective image sequences [12]. In contrast,
the depth error of perspective stereo and the concentric stereo
is proportional to the square of depth.

Sf o
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Fig. 2. Parallel projections with two oblique angles « and f (in the x and y
directions).

We can make two extensions to this parallel stereo. First,
we can select various oblique angles for constructing multiple
parallel projections. By doing so we can observe various
degrees of occlusions and can construct stereo pairs with
different depth resolution via the selection of different pairs of
oblique angles. Second, we can extend this 1D parallel
projection to 2D (Fig. 2): we can obtain a mosaiced image that
has a nadir view (Fig. 2a), oblique angle(s) only in one
direction (Fig. 2b and c) or in both the x and the y directions
(Fig. 2d).

III. 2D (VIRTUAL) ARRAY OF CAMERAS

It is impractical to use a single sensor to capture orthogonal
images with full parallel projections in both x and y
dimensions for a large scene, and with various oblique
directions. However there are least three practical ways of
generating images with oblique parallel projections using
existing sensors: a 2D sensor array of many spatially
distributed cameras (Fig. 3a), a “scanner” with a 1D array of
cameras (Fig. 3b), and a single perspective camera that moves
in 2D (Fig. 3c).

With a 2D array of many perspective cameras (Fig. 3a), we
first assume that the optical axes of all the cameras point in the
same directions (into the paper in Fig 3a), and the viewpoints
of all cameras are on a single plane perpendicular to their
optical axes. Then we can reorganize the perspective images
into mosaiced images with any oblique viewing angles by
extracting rays from the original perspective images with the

same viewing directions, one ray from each image. If the
camera array is dense enough, then we can generate densely
mosaiced images.

151 T
5 | | 0 |
I | .
i | | [
1 2 0 e |
i 1 e o |
5 e

a

Fig. 3. Parallel mosaics from 2D bed of cameras. (a) 2D array; (b) 1D scan
array and (c) a single scan camera.

If we only have a 1D linear array of perspective cameras
(Fig. 3b), we can “scan” the camera array over the scene to
synthesize a virtual 2D camera array. Then we can still
generate stereo mosaic pairs with oblique parallel projections,
given that we can accurately control the translation of the
camera array. We have actually used this approach in an
Under Vehicle Inspection System (UVIS) [13, 14, 18].

Even if we just use a single camera, we can still generate a
2D virtual bed of cameras by moving the camera in two
dimensions, along a “2D scan” path shown in Fig. 3c. This is
the case for aerial video mosaics [11, 12, 15, 17].

IV. PRISM: VIDEO MOSAICING ALGORITHM

In real applications, there are two challenging issues. The
first problem is camera orientation estimation (calibration). In
our previous study on an aerial video application, we used
external orientation instruments, i.e., GPS, INS and a laser
profiler, to ease the problem of camera orientation estimation
[11, 12]. In this paper, we assume that the extrinsic and
intrinsic camera parameters are known at each camera
location. The second problem is to generate dense parallel
mosaics with a sparse, uneven, camera array, and for a
complicated 3D scene. To solve this problem, we have
proposed a Parallel Ray Interpolation for Stereo Mosaics
(PRISM) approach [11]. While the PRISM algorithm was
originally designed to generate parallel-perspective sterco
mosaics (parallel projection in one direction and perspective
projection in the other), the core idea of ray interpolation can
be used for generating a mosaic with full parallel projection at
any oblique angle.

Fig. 4 shows how the PRISM works for 1D images. The
1D camera has two axes — the optical axis (Z) and the Y-axis.
Given the known camera orientation at each camera location,
one ray with a given oblique angle B can be chosen from the
image at each camera location to contribute to the parallel
mosaic with this oblique angle B. The oblique angle is defined
against the direction perpendicular to the mosaicing direction,
which is the dominant direction of the camera path (Fig. 4).
But the problem is that the “mosaiced” image with only those
existing rays will be sparse and uneven since the camera array
are usually not regular and very dense. Therefore interpolated
parallel rays between a pair of existing parallel rays (from two
neighboring images) are generated by performing local
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matching between these two images. The assumption is that
we can find at least two images to generate the parallel ray.
Such an interpolated ray is shown in Fig 4, where Ray I is
interpolated from Image A and Image B.

Camera path

Interpolated ray
y Y Mosaicing direction

- Nodal point

Image piane

Optical axis

Fig. 4. Ray interpolation for parallel mosaicing from an camera array.

The extension of this approach to 2D images _is
straightforward, and a region triangulation strategy similar to
that in [11] can be applied here to deal with 2D cases. One
important issue here is the selection of neighborhood images
for ray interpolation. For example, with a 1D scan sequence of
a single camera, it is hard to generate full parallel projection in
the X direction, which is perpendicular to the motion of the
camera, since the interpolated parallel rays far off the center of
the images in the x direction have to use rays with rather
different oblique angles in the original perspective images.

V. STEREO VIEWING AND 3D RECONSTRUCTION

Parallel mosaics with various oblique angles represent
scenes from the corresponding viewing angles with parallel
rays and with wide fields of view. There are two obvious
applications of such representation. First, a human can
perceive the 3D scene from a pair of mosaics with different
oblique angles (e.g. using polarized glasses) without any 3D
recovery. If we have mosaics with various oblique angles in
both the x and the y direction, we can generate a virtual
fly/walk-through by noting that (1) the translation in the xy
plane can be simulated by shifting the current displayed
mosaic pair, (2) the rotations around the X and the Y axes can
be simulated by selecting different pairs of mosaics with
different oblique angles, and (3) the rotation around the optical
axis only needs to rotate the pair of mosaics in their image
planes. The visual disparities can also be controlled by
changing the angles between the two mosaics for stereo
viewing.

Second, for 3D recovery, matches are only performed on a
pair of mosaics, not on individual video frames. Stereo mosaic
methods also solve the baseline versus field-of-view (FOV)
dilemma efficiently by extending the FOV in the directions of
mosaicing — in both the x and y directions. More importantly,
the parallel stereo mosaics have optimal/adaptive baselines for
all the points, which leads to uniform depth resolution in
theory and linear depth resolution in practice. For 3D
reconstruction, epipolar geometry is rather simple due to the
full parallel projections in the mosaic pair.

V1. EXPERIMENTAL EXAMPLES

A. Video Mosaics from Aerial Video

In theory, with a camera undergoing an ideal 1D translation
and a nadir view direction, two spatio-temporal images can be
generated by extracting two columns of pixels at the front and
rear edges of each frame in motion (Fig. 5). The mosaic
images thus generated are parallel-perspective, with parallel
projection in the motion direction and perspective projection
in the other. In our aerial video environmental monitoring
application, a single camera is mounted in a small aircraft
undergoing 6 DOF motion, together with a GPS, INS and laser
profiler to measure the moving camera locations and the
distance to the terrain [11, 12]. So we generate seamless stereo
parallel-perspective video mosaic strips from image sequences
with a 1D scan path but with a rather general motion model,
using the proposed parallel ray interpolation for stereo
mosaicing (PRISM) approach [11]. In the PRISM approach
for large-scale 3D scene modeling, the computation is
efficiently distributed in three steps: camera pose estimation
via the external measurement units, image mosaicing via ray
interpolation, and 3D reconstruction from a pair of stereo
mosaics [11, 12, 15].

motion direction

Y

Perspective image

Rays of right view
Rays of left view ¥ b

IS

Left view mosaic Right view mosaic

Fig. 5. Parallel-perspective stereo mosaics with a 1D camera scan path

Fig. 6. Stereo mosaics and 3D reconstruction of a 166-frame telephoto video
sequence.
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Fig. 6 shows a real example of stereo mosaics (with two y-
oblique angles) generated from a telephoto camera and 3D
recovery for a forest scene in Amazon rain forest. The average
height of the airplane is H# = 385 m, and the distance between
the two slit windows is selected as 160 pixels (in the y
direction) with images of 720 (x) * 480 (y) pixels. The image
resolution is about 7.65 pixels/meter. The depth map (Fig. 6¢)
generated from the stereo mosaics (Fig. 6 a and b) was
obtained by using a hierarchical sub-pixel dense correlation
method [16], where the range of depth variations of the forest
scene (from a stereo fixation plane) is from -24.0 m (tree
canopy) to 24.0 m (the ground). Even before any 3D recovery,
a human observer can perceive the 3D scene with a stereo pair
using a pair of red/blue stereo glasses (Fig. 6d).

Multiple oblique parallel-perspective mosaics generated in
a similar way can be used for image-based rendering as
discussed in Section 4. A mosaic-based fly-through demo may
be found at [17], which uses 9 oblique mosaics generated from
a real video sequence of the UMass campus. This demo shows
motion parallax, occlusion and moving objects in multiple
parallel-perspective mosaics. We note that the rendering
shows parallel-perspective rather than true perspective
perception. A true perspective fly-through will be enabled by
3D reconstruction from the multiple mosaics.

B. Video Mosaics for Under-Vehicle Inspection

As one of the real applications of full parallel stereo
mosaics, we have generated an approximate version of
mosaics with full parallel projections from a virtual bed of 2D
camera arrays by driving a car over a 1D array of cameras in
an under-vehicle inspection system (UVIS) [13, 14, 18]. UVIS
is a system designed for security checkpoints such as those at
borders, embassies, large sporting events, etc. It is an example
of generating mosaics from very short-range video so a 2D
virtual array of camera is necessary for full coverage of the
vehicle undercarriage.

Fig. 7. 1D camera array for under-vehicle inspection [13, 14]

Fig. 8. Full parallel projection mosaics with a bed of 2D array of cameras

Fig. 7 illustrates the system setup where an array of
cameras is housed in a platform. When a car drives over the
platform, several mosaics with different oblique angles of the

underside of a car are created. The mosaics can then be
viewed by an inspector to thoroughly examine the underside
of the vehicle from different angles. Fig. 8 shows such a
mosaic generated from four overlapping image sequences
taken by four moving cameras side by side simulating the
motion of the vehicle. A PPT demo of five oblique parallel
views of the mosaics can be found at [18] where different
“occluded” regions under a pipe in the center can be observed
by switching to different mosaics.

VII. CONCLUSIONS

This paper presents an approach of fusing images from
many video cameras or a moving video camera with external
orientation data into a few mosaiced images with oblique
parallel projections. In both cases, a virtual 2D array of
cameras with FOV overlaps is formed to generate the whole
coverage of a scene (or an object). The proposed
representation provides wide FOV, preserves optimal 3D
information, and represents occlusions. This representation
can be used as both an advanced video interface for
surveillance or a pre-processing step for 3D reconstruction.
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ABSTRACT

This paper describes how position and orientation measurement systems are used to directly georeference airborne
imagery data, and presents the accuracics that are attainable for the final mapping products. The Applanix Position
and Orientation System for Airborne Vehicles (POS/AV'™) has been used successfully since 1994 to georeference
airborne data collected from multispectral and hyperspectral scanners, LIDAR’s, and film and digital cameras.
The POS/ AV'™ uses integrated inertial/GPS technology to directly compute the position and orientation of the
airborne sensor with respect to the local mapping frame. A description of the POS/AV™ system is given, along
with an overview of the sensors used and the theory behind the integrated inertial/GPS processing. An error
analysis for the airborne direct georeferencing technique is then presented. Firstly, theoretical analysis is used to
determine the attainable positioning accuracy of ground objects using only camera position, attitude, and image
data, without ground control. Besides theoretical error analysis, a practical error analysis was done to present
actual results using only the POS data plus digital imagery without ground control except for QA/QC. The results
show that the use of POS/AV enables a variety of mapping products to be generated from airborne navigation and
imagery data without the use of ground control.

INTRODUCTION

A direct georeferencing (DG) system provides the ability to directly relate the data collected by a remote sensing
system to the Earth, by accurately measuring the geographic position and orientation of the sensor without the use
of traditional ground-based measurements. Examples of where DG systems are used in the airborne mapping
industry include: scanning laser systems or LIDAR such as the Optech ALTM, Interferrometric Synthetic
Aperture Radar systems (InSAR) such as that produced by the Aero-sensing, multispectral and hyperspectral
scanners such as the ITRES CASI, the new state-of-the-art digital line scanners systems such as the LH Systems
ADS40, and more increasingly small format digital cameras and traditional film cameras such as the Leica RC30
and TOP RMK. The current state-of —the-art direct georeferencing systems such as the Applanix POS/AV™ use
carrier phase differential GPS measurements integrated with an Inertial Measurement Unit (IMU). This paper
gives an overview of how the systems work, and investigates what ground accuracy is attainable for typical
applications such as mapping with a digital camera. This is supported through theoretical and practical results.

DESCRIPTION OF THE POS/AV™ DIRECT GEOREFERENCING SYSTEM

The Applanix POS/AV'™ direct georcferencing system (see Figure 1) is comprised of four main components: an
IMU, a dual frequency low-noise GPS receiver, a computer system (PCS) and a post-processing software suite
called POSPac™. The heart of the system however is the Integrated Inertial Navigation software that is
implemented both in real-time on the PCS and in postmission using the POSPac™ software. In this software the
GPS measurements are used to aid the inertial navigation solution produced by integrating the IMU outputs to
produced a blended position and orientation solution that retains the dynamic accuracy of the inertial navigation
solution but has the absolute accuracy of the GPS.

Proceedings, American Society of Photogrammetry and Remote Sensing Annual Meeting
St. Louis, MO, USA, April 24-27, 2001.
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Figure 1. The POS/AV™ System

Inertial Measurement Unit (IMU)

An IMU is comprised of triads of accelerometers and gyros, digitization circuitry and a CPU that performs signal
conditioning and temperature compensation. The compensated accelerometer and gyro data are output as
incremental velocities and angular rates via a serial interface to the PCS typically at rates of 200 to 1000Hz. The
PCS then integrates the accelerations and angular rates in a so-called “Strapdown” inertial navigator to produce
position, velocity and orientation of the IMU geographically referenced to the earth. Rigidly mounting the IMU to
a remote sensor thus means the inertial navigator produces position, velocity and orientation of the sensor itself.
To ensure maximum accuracy, the IMU’s must be relatively small and lightweight so that they can be mounted as
close to the sensor’s reference point (perspective center) as possible. This ensures there is no flexure between the
IMU and sensor, as shown in Figure 2. Typical high-quality IMU’s use force rebalance accelerometers and either
Fiber Optic Gyros (FOQG), Ring Laser Gyros (RL.G), Dry Tuned Gyros (DTG). New gyro technologies such as
MicroElectroMechanical Systems (MEMS) are just now becoming available but it will take a few years until they
reach the performance level required for direct georeferencing. The primary requirements on gyros for direct
georeferencing is size, bias drift, and noise. While the RLG technology produces the best performing gyro by far,
their size precludes them from being used in many airborne applications. At the moment the DTG has the smallest
noise for its size, although recent signal processing advances are now being used to reduce the noise in FOG’s to
levels sufficient for some of the higher accuracy DG applications. The POS/AV™ systems use IMU’s containing
both FOG and DTG technology.

:
RC30 Mount  Top.RMK Mount

mbedded IM 0pth

in LHS ADS 40
Figure 2. IMU Installation on Different Airborne Sensors

1717



GPS Receiver

The GPS system is comprised of a constellation of satellites and a remote receiver that uses range measurements
to the satellites and triangulation techniques to compute the position of the receiver’s antenna. Carrier phase
differential GPS is an advanced technique that combines the phase data from two receivers so as to eliminate all
significant errors except the integer ambiguities in the number of wavelengths between the receivers (both base
and rover) and each satellite. Redundant phase observations from 5 or more satellites provide the information to
resolve the ambiguities, thus translating each satellite’s estimated phase cycles into precise range measurement. A
high precision satellite-to-receiver range measurements allow the computation of the baseline (interstation) vector
between the receivers and hence the position of the remote receiver to decimeter or better accuracy. POS/AV™
uses an embedded low noise dual frequency GPS receiver that provides phase and range data to the processing
software.

POS Computer System (PCS)

The POS Computer system or PCS contains the GPS receiver, a mass storage system that writes data to a
removable PC Card flash disk, and a computer that runs the real-time integrated navigation software. The rcal-
time navigation solution is used as input to flight management systems and to point and control stabilized mounts.
The PCS is also used to precisely time-tag external sensor data.

POSPac™ Post-processing Software

The POSPac'™ post-processing software is used to compute an optimal integrated inertial navigation solution by
processing the raw IMU and GPS data collected from the POS/AV™ during the flight, along with GPS
observables recorded form base station receiver(s). It computes a carrier phase GPS solution and then blends it
with the inertial data using forward and reverse time processing. When using the POS/AV'™ in a photogrammetric
application, as a final step a module called POSEQ is used to compute the exterior orientation of each image at the
moment of cxposure.

HOW THE POS/AV'™ DIRECT GEOREFERENCING SYSTEM WORKS

The key component of the POS/AV™ system is the Integrated Inertial Navigation (IIN) software. This software
runs in real-time on the PCS and in post-processing in the POSPac™ software suite, and performs the integration
of the inertial data from the IMU with the data from the GPS receiver. The functional architecture of the software
is given in Figure 3. The sofiware consists of the following components:
e  Strapdown inertial navigator
e Kalman filter
e Closed-loop crror controller
e Smoother (POSPac™ only)
e Feed forward error controller (POSPac'™ only)

In-flight Alignment
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Figure 3. Closed-Loop GPS-Aided Inertial Navigation

Strapdown Navigator

The strapdown inertial navigator solves Newton’s equations of motion on the rotating earth by integrating
acccleration and angular rates sensed by the IMU. In order to do this, the inertial navigator must first be initialized
with known position and velocity from the GPS, and aligned with respect to the true vertical and true North.
Alignment with respect to the vertical is referred to as leveling, while alignment with respect to North is referred
to as heading alignment. Once aligned the inertial navigator has established a local-level mathematical frame of
reference called the navigation frame, whose heading is known with respect to North, and to which the orientation

of the IMU is known, as shown in Figure 4.

x bh

Earth Frame Y "
x F

Geographic North Pole 1 North Y IMU Body
Frame

Naviaation Frame
a = Wander Angle

Equatorial Plane

Prime Meridian Longitude

Figure 4. Frames of References Used in Inertial Navigation
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After removing the rotation rate of the Earth that (computed as a function of position), the navigator integrates the
incremental angles from the IMU to continuously compute the change in orientation of the IMU with respect to
the navigation frame. It then uses the orientations to resolve the incremental velocities from the accelerometers
into the local-level navigation frame, which it then integrates to compute the position change of the navigation
frame over the Earth. Note that this means any error in the orientation will directly contribute to a position error
on the Earth. The solution it produces is dynamically very accurate; however, since the inertial navigator uses an
integration process, any errors in the accelerometers and gyros will integrate into slowly growing position,
velocity and orientation errors. GPS is an ideal aiding sensor for an inertial navigator since its positional errors are
complementary to the inertial navigation errors in the sense that they are spectrally separate: the GPS position and
velocity errors are bounded and noisy, while the inertial navigator errors grow unbounded but are essentially noise
free. The GPS can thus be used to estimate and correct the errors in the inertial navigation solution.

Kalman Filter

In order to use the GPS to estimate the errors in the inertial navigator, a Kalman Filter is used. The Kalman Filter
implements a linearized and discretized set of differential equations that model the inertial navigator errors and the
IMU sensor errors that drive them. Differences between the position from the inertial navigator and the position
from the GPS are processed in the Kalman filter (typically at 1 Hz), to estimate the slowly growing position error
in the inertial navigator. Since this error is a function of both errors in the orientation and errors in the inertial
sensors, (as modeled by the differential equations in the Kalman filter), observing the inertial position errors
means the orientation errors and IMU sensor errors can also be implicitly estimated.

Closed-Loop Error Controller

The closed-loop error control algorithm is used to apply resets to the inertial navigator using the Kalman filter-
estimated parameters. Estimates of the inertial sensor crrors are also applied to the IMU-measured raw
incremental angles and velocities before they are integrated, which has the same effect as calibrating the sensors.
The resultant integrated inertial navigation solution has its position and velocity directly regulated to the absolute
accuracy of the GPS position and velocity, and its orientation accuracy indirectly improved by the calibration of
the inertial sensor errors. This is the solution that is computed and output by the PCS in real-time.

Smoother

The Smoother is a module that computes the optimal estimates of the inertial navigator and IMU sensor etrors, by
processing the data backwards in time and then combining it with the estimates from the forward in time Kalman
filter. The resultant error estimates are based upon all available information from the past and future, and hence
are more accurate. The Smoother is implemented only in the POSPac'™ software.

Feed-forward Error Controller

The Feed-forward Error Control module uses the optimal error estimates from the Smoother and applies them to
the integrated inertial navigation solution at the IMU rate, thus generating what is referred to a the smoothed best
estimate of trajectory (SBET). The Feed-forward error controller is only used in the POSPac'™ software after the
smoother is run.

In-Flight Alignment

An important feature of the POS/AV'™ system is its ability to align itself (establish initial navigation frame, see
above) in the air. The alignment process is comprised of 3 stages: 1) Coarse Leveling, ii) Coarse Heading
Alignment, and iii) Fine Heading Alignment. Coarse Leveling uses a first-order low-pass filter on the
accelerometer data to observe the mean gravity signal in each accelerometer, from which the approximate roll and
pitch of the IMU are determined to within 1 to 2 degrees error (see Figure 5).
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At this point, Coarse Heading Alignment is started which uses a Kalman filter error model to describe the initial
180 deg uncertainty in heading. The heading error of the navigation frame will cause the incorrect Earth rate to be
removed from the gyro measurements during the integration process, causing an orientation error. This in turn will
integrate into a velocity and position error. If the gyros errors are small enough, the position and velocity error due
to the misresolved Earth rate can be detected in the differences with the GPS, and hence the heading error will be
estimated by the Kalman filter (so-called gyrocompassing). However, since the gyros themselves can have biases
anywhere from 0.5 to 20 deg/hr, usually the error due to the misresolved Earth rate is only sufficient to observe
the heading error down to a few degrees at best. Fortunately the heading error also causes the accelerations of the
IMU to be misresolved in the navigation frame, which then integrate into very large position and velocity errors
that are observable against the GPS measurements. This allows the Kalman filter to estimate the heading error to
fractions of a degree, and as soon as Coarse Leveling is completed a single turn will complete the heading
alignment. Once the Coarse Heading Alignment Kalman filter estimates the heading error to less than 10 degrees,
the software changes to Fine Heading Alignment, which uses a small-angle error model Kalman filter to
continuously estimate and refine the heading error.

ACCURACY OBTAINABLE FROM POS/AV™

Positional Accuracy

With proper mission planning, careful flight operations to minimize satellite loss of lock, and multiple base station
deployment to ensure the maximum baseline separation between the remote and base receivers are within 10 - 50
km, position accuracies in the range of 5 to 30 cm RMS are achicvable using post-processed carrier phase
Differential GPS. Most of the position error is due to residual propagation delays caused by the ionosphere, which
are low frequency in nature and cannot be removed by blending with the inertial data. This means the absolute
accuracy of the POS/AV™ smoothed navigation position from POSPac'™ will also typically be 5 to 30 cm RMS.

Orientation Accuracy

The orientation accuracy of the POS/AV™ smoothed navigation solution is described best in terms of absolute
accuracy and relative accuracy. The absolute accuracy is the total RMS error including mean, while the relative
accuracy describes the high frequency sample-to-sample error. It is convenient to do this since in most cases the
orientation error is comprised of a slow varying signal with almost no noise, and in some applications it is the
accuracy of the change in orientation that is most important (such as that in a digital line scanner). The relative
accuracy of the roll, pitch and heading is a function of the gyro noise and residual gyro bias after smoothing.

Roll and Pitch Accuracy
The absolute roll and pitch accuracy of the POS/AV'™ smoothed navigation solution is a function of the residual
error in estimating the accelerometer biases after smoothing. Errors in the roll and pitch will cause gravity to be

misresolved, causing apparent horizontal accelerations that integrate into ramping velocity and quadratic position
errors when compared to GPS. However an accelerometer bias will also produce the same error signature, so the
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Kalman filter will only be able 1o cstimate the roll and pitch error down to the level where the misresolved gravity
cancels out the accelerometer biases.

Heading Accuracy

As described above in the In-Air Alignment section, the heading error is observed primarily through accelerations.
During straight-and-level flight with little or no accelerations, the heading error will grow at a rate defined by the
gyro noise and residual gyro bias. As soon as a significant acceleration is experienced, the heading error will be
observed and the error reset (see Figure 6). The smoother will then extrapolate the reset backwards in time to
reduce the overall error (see Figure 7). Hence in order to maintain heading accuracy to the maximum level, it is
important that a maneuver be performed periodically (usually every 10 to 30 minutes, depending upon the quality
of the IMU, which is typically not a problem for aerial survey missions).

Heading Error, Forward in Time

e N |
' \\{\ Time
to4

Maneuvers
Figure 6. Heading Error Improvement
after maneuvers (Forward Solution)

Heading Error, Smoothed

b4

Maneuvers
Figure 7. Heading Error Improvement

after mancuvers (Smoothed)

The post-processed absolute accuracy for each POS/AV™ model is given in Table 1, for a typical survey mission
profile including turns every 10 minutes or so. The post-processed relative orientation accuracy for each
POS/AV™ model is given in Table 2.

Table 1. Post-processed POS/AV' ™ Absolute Accuracy

Parameter Accuracy POS/AV™ ros/AvV*™ | pos/av™ | pos/av™
(RMS) 210 310 410 510
Position (m) 0.05 -0.30 0.05 030 0.05 030 0.05-0.30
Velocity (m/s) 0.010 0.010 0.005 0.005
Roll & Pitch (deg) 0.040 0.013 0.008 0.005
Heading (deg) 0.080 0.035 0.015 0.008
Table 2, Post-processed POS/AV " Relative Orientation Accuracy
Parameter Accuracy POS/AV™ POS/AV™ | pos/iAV™ | POS/AV™
210 310 410 510
Random Noise
(deg/sqri(hr)) 0.20 0.15 0.07 <0.01
Residual Bias
(deg/hr), 1 sigma 0.75 0.5 0.5 0.1
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DIRECT GEOREFERENCING OF DIGITAL IMAGES USING POS/AV™

Direct digital image georeferencing using POS implies the direct measurement of position and orientation of each
single image frame or scan line at the moment of data acquisition. In principal, this allows immediate map
production using the photogrammetric unit (cither a stereopair of images, or a single image+DEM). Ultimately,
this approach totally bypasses the aerotriangulation step with no ground control point requirement, except for Q/A
and Q/C. Figure 8 shows the georeferencing concept.

Figure 8. Image Georeferencing

In this context, a brief description on the subject is presented and the obtainable accuracy is introduced using
theoretical and practical analysis. Certain Calibration aspects have to be dealt with to ensure successful map
production with no aerotriangulation or ground control. Therefore, calibration will be bricfly highlighted.

Digital Orthophoto Production Data Flow

As shown in Figure 9, a typical Orthophoto production project includes calibration, navigation data processing
and image data processing. The calibration consists of imaging sensor calibration (e.g., a digital camera),
boresight calibration, and lever arm calibration. The Earth-Fixed Earth-Centered (ECEF) position and orientation
angles derived by POS/AV™  as shown in Figure 3, are compensated for the boresight and lever arm calibration
parameters The trajectory parameters are then interpolated at the recorded camera events and transformed into the
required local mapping frame (M-frame) using POSEO™. If the calibration parameters are not available,
POSEO™ solves for them using the navigation and image data. This yields the exterior orientation (EO)
parameters of each single image frame or scan line coordinatized in the local mapping frame (X, Y, Z, o, ¢, and
¥). In a Softcopy, image data and exterior orientation data are processed either in single image mode or in stereo
mode to produce ortho mosaics using either available DEMs or produced DEMs from stereo imagery,
respectively.

Ground Accuracy From Theoretical Analysis

The necessary error models have been developed for two different cases of orthophoto production, namely, using
either a single digital image or an image stereopair. Some assumptions have been made to account for different
practical aspects. As an example of these theoretical studies, a specific case was studied which involved a digital
camera of a 3k x 2K CCD chip and a 28 mm lens. This example is presented due to the availability of a real
airborne data set to back up the theoretical analysis. Figure 10 depicts the horizontal DRMS theoretical accuracy
(in left panel) and the height accuracy (in right panel) when using a stereo model of digital images for different
Ground Sample Distance (GSD) when using POS/AV'™ 210, 310, 410, and 510, respectively. Figure 11depicts
the horizontal DRMS theoretical accuracy using a single digital image and 1 foot accuracy DEM (in left panel)
and the horizontal DRMS theoretical accuracy using a [0 feet DEM (in right panel). Note that Figures 10 and 11
show the accuracy at image/model edge to represent worst case scenario. In practice, however, image points will
not all be at image or model edge.
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Figure 9. Digital Orthophoto Production Data Flow
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Ground Accuracy From Practical Analysis

A flight test data was collected using POS/AV 410 and a digital frame camera of 3k x 2k and 28 mm lens. The
digital camera was calibrated to compute the focal length, the principal point offsets, and the lens distortion
parameters. Boresight calibration took place to determine the misalignment angles between the IMU body frame
and the image coordinate frame. The lever arms were calibrated using POSEO™ utilizing the measured lever arms
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between the GPS antenna, the IMU center, and the camera lens perspective center. The airborne navigation data
was processed in POSPac™.
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Figure 11. Ground Horizontal Accuracy Using a Single Digital lh'l'ége' + DEM For a 3k x 2k Digital Camera
Equipped with a 28 mm Lens for a 1 ft DEM Accuracy (left) and for a 10 feet DEM Accuracy (right)

The image data together with POS data were used to compute the coordinates of the ground control points that
appeared in different stereo models. A total of 20 models have been analyzed to account for different point
location in the model. The POS-derived ground coordinates were then compared to the land-surveyed ones. The
results arc shown in Table 3.

SUMMARY AND OUTLOOK

In this paper, a brief description of direct georeferencing systems has been introduced through Applanix’s POS
systems. The basic concepts of inertial GPS integration have been described, along with the accuracy that can be
achieved using such techniques.. Then the ground accuracy using POS iniegrated with a digital frame camera was
analyzed. The results show that direct georeferencing can be used to obtain digital orthophotos to an accuracy that
can meet many mapping or rcmote sensing requirements.

Ongoing research and analysis at Applanix include defining a standard procedure for quality control for fault

detection and repair including but not limited to: boresight calibration residual errors, residual y-parallax, camera
calibration errors.
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Table 3. Ground Point Accuracy Derived by POS
Compared to GCP Surveyed Reference

Model ID Easting (m) _ Northing (m) Horizontal (m) Height (m)
| -0.08 0.10 0.13 -0.59
2 0.07 -0.10 0.12 -0.11
3 0.13 0.09 0.16 0.88
4 0.38 -0.18 0.42 -0.02
5 -0.24 0.01 0.24 0.71
6 -0.18 -0.32 0.37 -0.40
7 0.19 -0.08 0.20 0.00
8 -0.07 0.07 0.10 -0.45
9 -0.25 -0.05 0.25 0.34
10 0.06 0.20 0.21 -0.15
11 0.28 -0.10 0.30 0.28
12 0.13 -0.37 0.39 0.39
13 0.35 -0.20 0.40 -0.05
14 0.09 0.17 0.19 0.52
15 0.34 -0.02 0.34 1.34
16 -0.06 0.06 0.09 0.30
17 -0.21 0.15 0.25 -0.01
18 -0.04 -0.34 0.34 0.53
19 0.21 -0.10 0.24 0.03
20 -0.20 -0.11 0.23 -0.64
Statistical Sunmary
Min -0.25 -0.37 0.09 -0.64
Max 0.38 0.20 0.42 1.34
Mcan 0.04 -0.06 0.25 0.15
Std 0.21 0.17 0.10 0.50
RMS 0.21 0.18 0.27 0.52
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DIRECT CEOREFEREMNCING
Compact, rslizbie, and a revelution i sirborme
surveying and rapping, Zirectly  georsferenced
sensor dat is generated with:

» Anacewraiz selurion for alf metion variables

» Precise, image-specific Bxcerior Orientation
parameters
P reptivement for serorriangdation
Fm paguirement for s compiete ground conumt
survey {check points snly mquired}

s

o

3 SRR
The Mexs Gereration ~ The PGS AV is specifically designed for direct georeferencing of airharne sensor data. By integrating precision GPE with inertial technology PO%

AY enables geospatial projects to be completed mares efficienthy, effectively, and scanomically. Supported by Applanix industry sxpertise and technulogical innovation,
POX AY is engineered for anrfal cameras, scanning lasers, imaging scanners, synthetic aperturs radarn and LIDAR technology.

INCRESSED PRODUCTIVITY AND
ACCURACY
The nexy genaraton POS &Y gystem i ensily
integrated with tody’s airborne sensors. Cornbrinmd
with the syzrera’s ability to geomatrically correct and
gecgraphically enodn senscy dam, POS AV sliows
for:

< increased savings in operstional Costs

« increased savings i Gme

v increased productivity

v imzreased acctracy

UPGRADE STRATEGIES
A comenient spgrade path 15 moihbih far mevent
custorners nciuding:
o L compasibilicy
o (3PS mard replacemen
o Upgraded communications nterfase

Giobal Customer Suppert s available 24/7 with:
o Maintanance programs

btegration suaport

o Broandad warsantlies

Full upgrade path

Sewiatde opticns

a

>

STRENGTH BUNILY ON EXPERIENCE
Anplaniy’ ewpertive  and  navathe
technniagy solutions drive the largest user cammunity
W the airbiorie sensar market.

angineering

Applanix has priorivy aceess o smns-of-the-are GFS
techasiogy, as part of the Trimble famidly's axtensive
experiencs and MRy swareness.

Applarix’ continund
SUSTLMEY S8IVICE IS

sading-edge stats and dedizated
red.
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Beroddap .5, 15 & division of Awro-Metric Inc. ong aliotments i the Calista Native Lands ares of  particulirly 25 veotor dsth wis 30 b ovarisid to
of the largest photogrammelric companies in the  western Slaska The aliotmes®s were seitterad  show the indivitusl propeity Bmits”

United Rates. AeroMap &5 based in Anchorage,  Ywoughout  the o, x o

Sipskg, st s a fullservice Geugdphic  and could be = iarmagpart Q\:\\\\\\ N
iformation snd Mapping Sciences fiom, with 2z 200 miles or share 2
exportise in aft sees of seriy surwey alrborne  common boundary, and
remote sensing and seiofite Imsge proowssing.  wary in sre betwesn 20
Aerchap's clients include goverma sgencies  and 150 acres. R wes
and privale sector organizstions which uwse 8 diffiouR assignment
avborne gragary for varlows applications, from which t0 coplsg fw

e fomonitorng © engineeing desigy  brages efficiontly, w0
work. precke enordinstion

was  reguired”  Dean
CHALLENGS Cisiyati} expliined,

Foced with Gmited good fyng weather and 2% e orihopholos
the rugeed Alaskan erwironmend, Aerohlin was  BROWH B wsed to aswess
tasked with capluring solor aeris photography (0% Hmber stand i aseh
for the Foders Bureas of Indian Afairs The  divimen, positionat
Class § Qrihophotographyy  praisct  hwolesd  20MWEDY was A
genersting images for snproximetnly 500 netve  POTISHE consideration.
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Film Camera Applications

SOLUTION

With  sccessibility  and  logisticat
concarns assovisiud with carrying owk
3 complets ground control survey in
this area of Huskokwim, Aerollap

decided 1o wse thelr BOS AY system 10 genarste
direct geore d imagery eliminate the need
o7 serotrisguletion, and easity meet the Class i
requirernent of §' horizontal pusitioning. “Using the
POS AV aliowed us to fiy single lines with as few as
3 or 4 images per alotment.To veriy
the accuracy of the georeferenced
data we used 2 minkaen amowt of
groussd controd as & QO check” said
Cimmiyott, "and & exceeded ow
expaiations.”

RESWARY

The fonl geonferenced  Bragecy
was used ha generate a Digiel
Ehavption Model, whish  aflowed
e orthophotos to e prodwesd
auickly  Digial weoinr dals,
provided by the Buwesw of Laxd
Maragemenh, was then asourately

1731

Glient: Acrolap

overiaid to ifasirste the ndividuat alolment
houndaries. Since  incomparating the POS &Y
syshem i i worklow. AeroMap hay found that
ncreased productivity and stdiions! seouraly are
readily stisinabie under the difficedt condiions
sEaneTaeed in Alasks, streamiining their sirborne
SRS IO & precise snd aificlent operstion.
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3001 Inc. is an international spatial data innovative solutions to the engineering, surveying
corporation with offices located across the and geomatics oawmwity, with a dedicated

N
3 utilized in numerous projects throughout the  professionals. Using leading-edge technology 3001
Americas, providing technological leadership and  Inc. continues to harness the power of geospatial

\\\\\\\\\\\\\ United States. hs geospatial expertise has been  team of serial survey, GIS and photogrammetry

.. information in  an

SO crrrde SISNSEY Seaes
\\\‘§§§‘§§\§\\a \\\\x\$\\\$\§ NN

digital orthophotography, stereocompilation, and
planimetric mapping. Collier County is bordered
on the west by the Gul of Mexico, and five
other counties to the north, east, and south. This
portion of the project covered approximately
800 square miles of varied terrain, including large
areas of swamp found along the coastal regions
of western Florida. The digital imagery would
be used to generate digital orthophotos and

\_ N\\ everchanging world
AT 503, the. compa
3 company

part of an on-
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p P ic mapping data using stereoscopic
image coverage. The final orthorectified imagery
and vector mapping data would be input into the
county's GIS system and accessible through the
Coliier County Property Appraiser’s web site.

SENE § T IO
STHAFTION

,  To meet tie project’s specific requirements, 3001

Inc. used their Z/l Imaging DMC (Digital §%apping
Camera) equipped with an Applanix POS AV
integrated inertial position and orientation system,

R
Q\\

\
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1o caplure the low-lovet
inngery The DMC digitst
camera system i
esigned  for  aotuvate,
high-resofition image
acquisition for large
WD projedts, whers
# castographic  deta

such 85 vegelation, transporistion nelworks,
tydrography, ang buiidkngs, can be clearly defined.
B prowvides excellent vsibifity i arsas of shadow
and generates & bright, Sharp imaege, ideat for this
Hype of spplication.

NESY

Within two weeks the flying portion of the
project was completed, and image processing
and data capture started. Flown at an akitude
of 4500’, the color digital imagery generated a
0.45' pixel size and a final delivery accuracy of
0.5’ for the orthophotos. The company found the
POS AV system enabled them to attain a tighter
aerotrisngulation result by utilizing s direct
georeferencing capability in areas where image tie
point matching was particularty difficult.

Greg Horrall explained. “There were areas along
the coast that were completely covered in s,
Identifiable ground features, such as small islands,
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taking the exterior orientation parameters for the
images covering those areas, and using them as
part of the aerotriangulation adjustment, we were
able to achieve a much-more accurate result.”

Using the POS AV-equipped DMC system, 3001
Inc. successfully completed the Collier County

project, and provided positionally-accurate and
highly-detailed digital imagery, ideally suited to the
orthophotography and data update requirements.
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%: MD Atlantic Technologies is a feading supplier of

to include transportation networks,
hydrographic features, and urban
structures for all towns and cities,

\ photogrammetrc mapping, acborne LIDAK dota
\\\\\\\\\\\\\\\\\\\\\\ D :ruvides rg;laograprg; arnn:’ :P:?tial sovemhtions to st:te
NLTT]TR \ as a leading-edge company at the forefront of the

NN R -v-\§§\\\\\\¥ tial industr
e

professionals, MD- Atlantic maintains its position

3 $12 Ankarvic was ssked 30 unkdiertele an extenshe

\k\\\i\\\\\\\\\\\@%\\% information wat 15 e isarpurated i e

\\\\\\\\\\\\\ s pwstys O syRem s part of R8s expwidig

mapping  projest of  Mosigomery  Cowmsy
Flubrama A corpsehensive datatet of geographic

'''' E GIS program. Plebmetsic and topogragdi
o date wos  required for &R area  ooworing

&\\Q\\\\%i\i\\\\\\\\\\\\\\\\ spproRbmsialy T3 squars mites of robing tervain,

g Montg y the state
capital. Color orthophotography
was required together with a DTM
(Digital Terrain Model), which would
accurately define the topography of
the county, and be used to generate
2’ contour information.

SORASTION

o effectissly compliete the pioject,
D Artmmicy sokition wis to use
twea Typos of SEMIOMS BH cEplure
the ivermation, av Optech 1210
LDAR syseorn, angd 8 Lebs BCID
senl camers. Both  technudoges
use Wegrated POS AY systerns
gEnerate sensonspecilic posiion

1734

SO§8
N

S AN
SN

N e
A




) INTASRY Ssrndierordioasms
- LALTADRT Qpmications

. orientation information. "We were confident
. that the accuracy of the POSAV would allow us
0 integrate both the LIDAR and the mapping
data perfectly’ Steve Ashbee explained.
Rather than produce a complete DTM using

stereocompilation, LIDAR will generate it in
. a fraction of the time. We then supplement

N \\\\\\\\\\\\\\\\\\\\\\\\\\\\\Q\ breaklines, road edge
n 5 and hydrographic
W \ festures  captured

\\\\\\\\\\\\\\\\\\\\\\\\\\ NN\ e depiction of the

R R RS S
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Flying at an altitude of 3,280° the
elevation data was acquired wvery
quickly with overlapping paraliel

swaths generating accurate XYZ
point cloud information ready for
mission post-processing. The terrain

contour information  generated.
Akhough the LUIDAR data was
captured independently of the aerial

photography, the accuracy of the X%

POS AV on both systems ensured
the S were ¢ ib}

allowing the development of a
highly accurate topographic model
from which 2’ contour information
was developed.
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Orbisat da Amsarina 8 & Ioader & the application
of Remate Sensing teshnology for wse in mepping,
QeaRAls, sl peospatial kosmation gathering.
The owmpewy's expertise fes i i wse of
Imtorferometric Syattetic Anertire Rodar (nlAR},
- which provides a3, soourate, and sost-elfectve
s solticns for e professional and scientific
5 ities ongaged I aTtiVRiNS Such a5 wrban

EOMALLENGY

S The CaotoSUR # oot wis estabishad
N Venemelr B HO03 a5 8 national certngraphic
S wenure W aoguire raderbesed oepping dals
5 covering approvdmately 13 of the entire oty
o located o the sovthermmiest end of Soigh
L Amarics, Venczusla hes § towal sres of $12080
e, Inciuded & the CartoSHIR H project args wiss
5 the Sate of Bolvar which contalns some of the

FE o\&\\\_\\S\z

R
EoRNENRERL N8

T
ESRURSER

soin, poUr visbifiy et ground vegelatian, end
can wery spickly produce scowste, detsfied
Fmagery, including digital terTain models, instalied
dard & Guffslream Serscorvnander shvrdt
CrbiSAR-T simulianecusly u

aigest tang forms in South America, The rugped
WHRIRRNS, steep clily, s pleteses rike W over
3003 m in placox pof ctotsin one of e highost
waterfalis i the worts, Angel Fells. The tasrsin
gradundty flsttons oul and drops down W the
Dela dmarcirn on the sast coest. :
Densaly covered with forest a
scored with triefaries of the N
Cringses, this whols ragion is ofte
under Tk chowd cover, and 85 R
can be 3 wry dificull wes o map
afieciivaly,

SOLAITIGN

Opbisat brenediately  sew  the
sokiion  to genersling  aconste
cariegraptic deta for this type of
avironment. The InSAR tachnology
with Bz sibweathsr  operalionst
capability, s unefected by clowd
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%.. 10 generate image dat
a result of the unique
of terrain

Surface Model, and the P-band ref
below the sty and produces a Digital

and cultursl targets to  Terrain Model.

band interferometry with an 80 m baseline, the

3D imaging data was generated and made ready
for processing. Dieter Leubeck, Project Manager,
Orbisat, explained. "As well as providing position
and orientation information for the radar imagery
the POS AV system also generstes a real-time
navigation. solution that is incredibly accurate,
We can fly a 120 km iine and stay within a Tm
horizontal variance quite easity These attributes
make the OrbiSAR-1 system extremely '

trees, and buildings etc., to produce a Df:g;:ntasl \%\}\\\%\\\\\\\\\\\\\\X\\\\\\'\\\\\\\\\\\ :
radar freq ies. The \\\\?\\
ar frequencies. I : S

:u-:ﬁ om{:«tc::chz: :;v;m;;: ‘\'(\liree mor:: , &:h stifrtmg the %\\\
airborne operation, rs of air time, RRa

N

in undertaking radar mapping projects, and it's
the POS AV that provides the spatial orientation
accuracy” Final data delivery to the Geographical
Instiite of Venezuela Simon Bolivar (IGVSB)
totaled 518 map sheets at a scale of 1:50,000,
and covered an area of more than 263,000 km2.
Contour information was illustrated on the X-
band orthoimage maps, and digital terrain model
and full polarimetric P-band image data was made

W
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EarthData is a leader in the airborne imaging.
mapping, and Geographic information Systems
(GIS) field. s fleet of specially configured survey
aircraft collects a variety of information about
the Earth’s surface, using aerial cameras and
various types of airbome sensors. The company
transforms the data into. customized mapping
and GIS products and services. For close to
50 years, EarthData’s dlients have used this
geospatial information for design infrastructure,
terrain modeling, transportation engineering and
environmental research, to better understand the
Earth and its resources.

In October 2003, the State of Califorria suffered
one of the most devastating wildfires in its
history. It caused extensive damage to property
and the environment and posed a potential
threat to the state’s energy systems, which

included transmission flines,
major natural gas pipefines,
and various oil refineries
located in the immediate area.
The fires were spread across
more than 300,000 acres of
land, with states of emergency
being declared in Los Angeles,
San. Diego, Ventura and San
Bemardino counties, where the
authorities were battlingfires on
10 separate froms. EarthData,
working in conjinction with
ESRI and Horizons Inc. was
tasked with generating accurate
and detailed aerial imagery of
the affected aress, to enable
damage analysis to begin, in
support of rapid response and
recovery efforts.
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oodosifrared wnagery MEch jordsn,
Earthi 2atas projest rmaneges explans,
“The NI AV systerm s

sl with o airhome soneors, snd
it direct georaferang (apdity is
& Diy phun, expecielly for smergesay
YONNG OERNEEEE WKh A U
e, where thewe & oo W 10 carry
st @O GO SRS AR
gaorelenwioe digted Bnas can e
gaerted. WYy quikly wath this
systewm”

3 EgRE R,
sy Appdesx MO AV
een, Earthidaes Pipes Nevan
Tefan Wt svhomo oy
the worst affecied areas of the
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3 < dgial magery was
corpsted wittin 14 deys, 88 8 mowdt of the
combinad arbome operations of SarhDate and
Ha nc, The guick dsia turmaround was
trade pomsble with the ADSE0 digital symtem and
BQOE AY insge georatensicing sttildes, whseh

TGHENET PRGNS § Oy adingtion, i
rotal 3143 e e aribles of wxerely rnad terasin
were capiseed snd prosessed. With the image
aogdaition complein, stain and Reat arhoities
were able B soness Whe e brmadisraty for e
auovery imsge analysis
experts el digitad arthophutagraehy
g conesponding DM dsa s map the e
demaged omviromumens, sl snahe the deanag
CRUTHNE 36 & PrOCRAICH opaing the potentisd sk
of wudistices nowsr that grosnd fover vepuiation
Pt haen destroyed.




eanner, o LIDAR. The POS serms 25 the g

R pooitioning dsia

garwrsied by the KOS, am

procesnd topether  with

camera  {wamx}  lotalin
w o

L3t Sroreforancing s ther diract imeasurement of mage wXtecior orisrtation pareameters, wdeg s POS (B
o enbanme the feationelity of an neging sensern, sudh 23 an 2erisl camers {dighal or Bim-based), multhepecirad or bypenspectral
4 R e sensar & (e IMR@ng Lompanent.

feranaing comy

e remdresnent fof profet wids Ye-point muwiching
arwt merntrisnpartion (AT can b drastinely roduned

ACEEE  podtion s
usisRaion whues Kx esch
imege, Thase s redfervedd
W8S Dxeevior (RbNmRtion
BB BRES,

or image eidsesiivaie

performed,

o ol ornpitely 7 g W ST
e i dhts sopussition ad processiig time

Limitet ground comirsd mey e reguiced only for

& 2nd dous}

o Stevpo Mded Mappig - twdcdl photoyrasmmelric
moded s g 8 Slereapsir of photes or digiat
frame kmeges wied to detertrine 32 olest poing
Loasinmles
Brdvardnge: refuntion D Gme 5ud oos) - B OIS
wohving MedRITH-GaE foresiad aFoms when point

ety Dontrol check podrl paposes, bk iy thes
need for 2 A5k ground survey

Data workflow asict guality comtrod are streamdines
and automatic

Tight gproject destlines are more  achievable
by oiminaing Sxtentx: ground survey and AT
pregaraion/pmossing ks

% iy, ges e
drasticady reduced

A processing e i

< Single Photo Orthorectification — making use of currently
availabie DTM data to generate accurate ground
object position for digital orthophotos
Advantage: stereoc coverage unnecessary, fewer
photos required, corresponding reduction in film/
scanning costs, short project turnaround times
achievable
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in ion to improving the g ¥y < more
wmftional  aerial  mapping  ampdicstions,  Direct
Gouruierencing is ideally suited to skstions where
ground controi is simply not avafiable, such as irhaapdtabie
ewine or in d ping countries where ground
surveys may be limited. It is also ideal for rapid sasppiog
applications where ground control is not needed - in
emergency situations such as forest fires and floods, or
where enwironmental disasters have occurred, such as oil
or chemical spills.




i The advantage of integrating Direct Georeferencing into your woriflow is readily
s apparend. A marked reduction in field survey and data processing operations is easily
3 hivvatde, with savings in overall project time and expenditure,
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PO Track
One Comprar Salutdon

Combining the precision of POS AV Direct Georeferencing with the
versatility of the Track'air XTRACK Flight Management System

POSTrack s the first fully integrated, real-ume direct georcferencing
and flight management system designed for the airborne geospatial
community.

Purpose-built to reduce the costs associated with the preparation

and implementation of airborne surveys, POSTrack minimizes
mission planning and operational workload. Utilizing a combination
of specifically developed software and hardware tools, the system
combines the best of both technologies with all the functionality
necessary to simplify and streamline today’s aerial survey and
remote sensing operations.

POSTrack incarporates the latest integrated inertial/GPS
direct georeferencing technology from Applanix, with the
Flight Management System (FMS) expertise of Track'air, the
industry's leading FMS manufacturer. Uniike other IMU/GPS/FMS
configurations, which utilize independent components for in-flight
task automation and mission planning, POSTrack is engineered as
a single system, compact, canvenient, and easily installed on all
types of aircraft without a complicated netwark of cables and
connectors,

Compact, Simpiified Cockpit Configuration
Configured 1o cormral and trigger var
andclition 1o handiing the GPSEMU funcriens, POV Trsck will ansurs
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the highest levels of precision are maintained. The XTRACK
component monitors the real-time position and orientation of
the sensors computed by the POS AV, then instructs the system
when to perform certain tsks. The in-flight automation enables
exact flight path guidance and accurate sensor positioning, which
wanslates into optimized airtime over the trget area for the most
economical and efficient mission capability.

With sensor-compatible-interfaces, mission status display, flat panel
pilot screen, and planning and reporting software, POSTrack is the
ideal system for single-pilot or pilot/navigator crew configurations
who want a streamlined, cost-effective airborne operation.

Complete Upgrade Path

As with all Applanix products, POSTrack has a clear upgrade parh
to ensure the sysiem provides the best results and continued
service,
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Reduction of the time and cost photo, Therefore, mapping may be  imaging semsors. These include
mvolved in photogramneivic  dong using a directly georeferenced  multispeciral and  hyperspectral
mapping has been the subject of photo stcorcopair as the mapping  scanners, LIDARS, Synthetic

extensive vesearch over the past
two decades. The development of
(GPS.assisted acrotriangulation with
minmmal ground control was one of
the imporiant results of this research.
The drawback of this technigue is the

element. This ultimately eliminates
the aerotriangulation step from the
mapping process, Using the POS/
AV gygtem, rvesuits in flenible
configurations of imaging that may be
used as image sirips or small image

This solution ultimately eliminates
the aerotriangulation step

lack of measuring image orisntation
information and, thus, “blocks” of
images are abways needed for solving
for each phote’s orientation fn 313
space.

The Applani’s POS/AV™ systern
ntegrates GPS data with an [nertial
Measurement Unit (ML), which
allows for measuring the camera
exposure station position and image
arientation angles for each single

blocks - 2 very common resource in
mapping and forestry applications.
In countrast, such applications cannot
be attained when using GPS-assisted
aerotriangulation, unless special GCP
distribution is implemented, since
rmage blocks with some geometry
strength are  always  needed o
covipute mage onentation,

The POS/AVH gystem has been
widely used with most atbome

Aperture Radar {(SAR), along with
film and digital cameras. In this
paper, 3 summary of a theoretical/
practical study s presented. These
investigations were camied out to
evaluate the accuracy of positioning
ground objects when using the POS/
AV™ in conjunction with a frame
digital or film camera. The accuracy
specifications for the family of POV
AV™ gygtoms are histed in Table |

Single Photo Case

In  traditional  photogrammetric
mapping, the determination of the
3D position components of a ground
object is done using photo stereopairs.
This is the tied and tested way,
to compuie the point-based scale
factor using the se-cabled 3D space
intersection concept. However, if the
scale is provided for each image point
by an extra piece of measurement

fggg;e‘gf ACCUTECY | posav™ 210 | pos/av™ 310 | Posiav™ ato | Posiav™ s10

Bosition (m) £.05 - 0.0 005-0.30 |  D05-030;  008-030
Velocity (mis} 0010 0010 0005 | 0.005
Roll & Piteh {Deg) ¢.040 0013 0.008 ¢.005
| True Heading {Deg) 0.080 | 0.035 0.095 1 0.008

Tabla 1 Post-processed POS/AY navigation parameter accuracy
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such as a laser rm‘g; pr@cessing 2

maore costeeffe c‘ts‘ { imsmm mav)e
less accurate).

Another possibifity
single photos is by using an'av m&b

Digial Elevation Mod s:i {BE M} of

the mapped area. In this case, the
computation of the height mmpgnfﬁ.
of the ground object 313 position
is mainly driven by the DEM and
the 3D space intersection is done
between one fmage and the DEM|
This approach is an atirsciive ophion
- especially for applications wherein
the available or %pesiai%v created
DEM can be used along with digitally
acquired images to produce digial
mﬂmp’mie; in a short time frame,

Typical DEM sources include existing
topopraphic MEPS, aerial
photography, and more  recently
LIDAR In the study at hand, this
approach is shmulated using error

pm) gation fecl \mqu es to analyse the
theoratical accuracy o fg, nd Qb-““
pss‘tmn ng with the & ﬁ POS/

AVTY model . Figure | shows the

ground ps}im accuracy in horizomal
{IIRMS) for different POS/ \Y i
modele and image scales. A 97

@ format camera, equtipped wnh a
&7 leng 15 used in this simulation.
Tmage precision is aken as § mm.
To i:zn;}hda ze the exierior onentation
accuracy effect on ground positioning
aconracy, the ervors due to camera
calibration, bovesight calibration, and
DEM are n Las)s.sam.md.

Stereo Model Case

iy

T”his case represents the classica
“ngded sk‘*vus\‘ scenarnia, where a pair
hmm» o digd tzsi frame images ca
m Lmd w determine the 3D obje
point eoordinates using the §§>am
iniersection concept. R}; using the

x:«w,ﬁ

et

Published in GIM Internations Vol 14 NAZ December 3048

Aieuracy in Horizonisd - QRIS Gop

Acciracy i Mok nngd - DRIAS

§ g POSAY 296
L el BOSIAY 310

Figure 1: Ground horizontal acouracy (DRMS) -
The Single Phote + DEM Case
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Figure 2: Ground horizonial accuracy (DRME] -
The Model Case
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positions  and  hmage  orientation

produoced mdependently by g : :
aerotrianguistion and by the POS/ Mirt 0,18 008 ¢ 034
AYTSLG, verified the POS/AVT™ 510 Sy 048 1l 914 L D38
system specifications listed in Table o bt

1. The boresight was computed from Wean 8.82 | 0.87 | 0.08
processing the block without GUPs. o - : ;

"E"h-:: available GCPs were used as §£§ Dev. '*3'{}.? ges 013
checkpoints, In this way the effect of @Mﬁ ' 5.08 | 0,08 | 818
boresight i3 canceled from the data, s :

so that the practical error analysis Table 2: Siatistics of checkpoind
couid be compared 1o the theoretical residuals

one.
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Airborne Direct Georeferencing of Frame Imagery: An Error Budget

Mohamed M.R. Mostafa, Joseph Hutton, and Erik Lithopoulos
APPLANIX Corporation
85 Leek Cr., Richmond Hill
Ontario, Canada L4B 3B3
Phone: (905) 709-4600
E-mail: MMostafa@applanix.com

ABSTRACT

This paper presents an error analysis for the airborne direct georeferencing technique, where
integrated GPS/IMU positioning and navigation systems are used in conjunction with aerial
cameras for airborne mapping. The technical specifications for the Applanix POS/AV™ family
of airborne positioning and attitude determination systems are used in this study. Two cases are
discussed herein, namely the standard stereo model case and the single photo case.

The first example is based upon standard map production - where the aerotriangulation step is
ultimately bypassed when using the direct exterior orientation information, measured by the
POS/AV™ systems during image data acquisition. The second case is not as widely used, yet
provides a more economical alternative. In this example, single photos are processed together
with the available DEMs to produce orthorectified quads/images.

The effect of exterior orientation parameter accuracy on the ground point positioning accuracy is
discussed in some detail. In addition to the theoretical analysis, an error breakdown is performed
to an airborne set of data where the POS/AV™ 510 system was used to directly georeference or
to aid the georeferencing of the aerial frame imagery.

Finally, a comparison between the theoretical and practical investigations is presented. The

results show that the use of POS/AV enables a variety of mapping products to be generated from
airborne navigation and imagery data using ground control only for Q/A purposes.

Key words: Direct Georeferencing, Photogrammetry, Multi-Sensor Systems, GPS/INS.

The 3 rd International Symposium on Mobile Mapping Technology, Cairo, Egypt, January 3-5, 2001
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1. INTRODUCTION

Image direct georeferencing is one of the most important topics currently considered in the
photogrammetric mapping industry. Ultimately, the acrotriangulation step can be bypassed when
using direct measurements for the exterior orientation parameters of cach single image at the
moment of camera exposure. Direct georeferencing therefore enables a variety of mapping
products to be generated from airborne navigation and imagery data with minimal ground
control, mainly used for Q/A.

The achievable, on-the-ground accuracy, of direct georeferencing is studied theoretically for
specific applications such as low-cost digital camera systems for small scale mapping (c.f.,
Mostafa and Schwarz, 1999); or for quality digital cameras used in large scale mapping (c.f.,
Grejner-Brzezinska, 2000). A number of practical studies were also done for performance
analysis purposes (c.f., Cramer et al, 1997; Lechner and Lahmann, 1995; Mostafa et al, 1998;
Reid et al, 1998; and Skaloud et al, 1996).

Each of the aforementioned authors studied a specific scenario that implied specific digital/film
image acquisition sensor and different GPS/Inertial integrated system configuration. Although, it
gives quite a wide background on the subject, the common ground in these studies is the concept,
rather than the achievable results, when using standard equipment to apply such a model.

In this paper, a summary of the results of theoretical and practical investigations is presented.
The objective for conducting such investigations is to analyze the effect of the exterior
orientation parameter accuracy on the ground object positioning accuracy, using standard sensors
such as the Applanix POS/AV™ systems and an acrial film camera with 9" x 9" format coupled
to a 6" lens cone - such as that of the Zeiss or Leica products.

First, a summary of the theoretical error propagation results are presented. This is followed with
an example of practical flight data. The presentation is therefore intended to show the #ypically
achievable accuracies using theoretical and practical investigations and thus, the mathematical
treatment is avoided.

2. THEORETICAL ANALYSIS

The standard error propagation technique is used to derive the ground object 3D positioning
accuracy as a function of the exterior orientation parameter accuracy. Two cases are presented
here.

In the first instance - referred to as The Single Photo Case — the result is a single directly
georeferenced photo, that is used along with an available Digital Elevation Model (DEM). This

produces an orthorectified image.

The second illustration - referred to as The Model Case - illustrates the typical photogrammetric
photo stereo model that is used to do the mapping.
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2.1. The Single Photo Case

The determination of ground object position using a single photo is currently done for two
reasons. First, this approach makes use of the currently available quality DEMs - especially,
those derived by LIDAR. Second, this approach provides a shorter turn-around-time to produce
digital orthophotos - making use of the available POS/AV™ derived exterior orientation
elements for each single photo.

In traditional photogrammetric mapping, the determination of the 3D position components of a
ground object is done using photo stereopairs. This is executed in this way in order to compute
the point-based scale factor, using the so-called 3D space intersection concept. However, if the
scale factor is provided for each image point by an extra piece of measurement such as a laser
range, processing a single photo would be faster and more cost-effective. The other possibility to
process single photos is to use an available DEM of the mapped area.

In this model, the computation of the height component of the ground object 3D position is
mainly driven by the DEM. Put another way, the image-based 3D space intersection is not
needed anymore since the intersection occurs between image ray and the corresponding ground
clevation.

To analyze the ground object positioning accuracy, a number of factors have to be considered.
These factors are:

Exterior orientation accuracy;

Image coordinate measurement accuracy;
Calibration accuracy;

DEM accuracy.

e

The accuracy of the exterior orientation comes from post-processed accuracy specifications listed
in Table 1 for the POS/AV™ 210, 310, 410, and 510, respectively. The POS/AV™ post-
processed solutions are generated by the software package POSPac'". The GPS accuracy is
assumed to be 0.10 m in the horizontal and 0.15 m in the vertical. Image coordinate measurement
accuracy is taken as 5 um.

The calibration of an integrated imaging/navigation system comes from the combination of
individual sensor calibration and overall system calibration. The sensor calibration required for
the camera is done in a lab environment, while the inertial sensor errors are calibrated in a
closed-loop fashion using an optimal Kalman filter/smoother implemented by the POSPac™
package. The overall system calibration includes the antenna/camera/IMU lever arms and the
IMU/camera boresight. In the investigations presented here, these are considered error-free.
DEMs can typically be obtained from government organizations such as The US Geological
Survey (USGS) or produced using LIDAR. In the simulation presented here, a 0.3 m, DEM
accuracy derived by LIDAR, is assumed.
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Figure 1 shows the horizontal accuracy (DRMS) of ground positioning for the family of
POS/AV™ systems using different image scales. Note that the vertical axis of Figure 1 is
logarithmic.

Table 1. Post-Processed POS/AV™ Navigation Parameter Accuracy

Parameter Accuracy | POS/AV'™ | POS/AV'™ | POS/AV™ | POS/AV™
(RMS) 210 310 410 510
Position (m) 0.05-0.30| 0.05-0.30[ 0.05-0.30| 0.05-0.30
Velocity (m/s) 0.01 0.01 0.005 0.005
Roll & Pitch (Deg) 0.04 0.013 0.008 0.005
True Heading (Deg) 0.08 0.035 0.015 0.008

10.0

1.0

soofffocs POS/AV 210
==fi==POS/AV 310
woegieos POS/AV 410
==M==POS/AV 510

0.1 ;

Accuracy in Horizontal - DRMS (m)

0.0

1:3,600 1:7,200 1:14,400 1:28,800 1:40,000
Image Scale

Figure 1. Ground Horizontal Precision (DRMS) — The Single Photo Case
0.3 m DEM Accuracy, 6” Lens Cone

A more detailed insight into the effect of exterior orientation accuracy on ground positioning
accuracy can be attained, by isolating the error contributions for the individual positioning and
attitude components. Therefore, the exterior orientation parameters are divided into 5
components, namely horizontal positioning accuracy (GPS-Hal), vertical positioning accuracy
(GPS-Val) and the three attitude angles, namely roll, pitch and yaw (which represent the aircraft
roll, pitch and yaw, respectively). The effect of each of these components on the ground
positioning precision (Sy) in the Y-component (across track) for the POS/AV™ 510, is
demonstrated in Figures 2, 3, 4, 5, and 6, for image scales 1: 3,600, 1: 7,200, 1: 14,400, 1:
28,800, and 1: 40,000, respectively.
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Figure 6. Ground Accuracy for 1:40,000 Photo Scale
Vs. 3D GPS Accuracy Using POS/AV™ 510

Note that the accuracy of ground objects is mainly affected by the GPS accuracy for larger photo
scales. Conversely, it is the attitude accuracy that influences the accuracy on the ground for the
smaller photo scale. Consequently, the deterioration of the ground positioning precision is more
for larger photo scale than for smaller photo scales - especially when the GPS accuracy
deteriorates.
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If the GPS accuracy deteriorates from 0.05 m to 0.3 m, the ground object positioning precision is
more affected for larger photo scales than for smaller photo scales. For example, Table 2 shows
the ground point positioning accuracy deterioration factor for different photo scales. This factor
is computed by dividing the ground object positioning accuracy corresponding to GPS accuracy
of 0.3 m by that corresponding to GPS accuracy of 0.05 m. It is obvious that the larger the photo
scale, the more dominant the effect of the GPS positioning accuracy on the ground precision.

Table 2. Ground Accuracy Deterioration Due to GPS Accuracy Deterioration
Across Track Ground Precision
POS/AV Image (Sy) Accuracy
System Scale 0.05m (1P) 0.30 m (1P) Deterioration Factor
GPS Accuracy | GPS Accuracy

TR 007 023

POS/AV™ [1:7,200 0.13 0.25 1.92
510 1:14,400 0.25 0.33 1.32
1:28,800 0.5 0.54 1.08

1:40,000 0.69 0.72 _rrsmhh _ I I mr s

2.2. The Model Case

This case represents the classical ‘model set-up’ scenario - a pair of photos or digital frame
images can be used to determine the 3D object point coordinates using the space intersection
concept. Using POS/AV™ data, the acrotriangulation step is bypassed. This results in immediate
map production from raw image data and post-processed POS/AV™ data. Such an approach
significantly reduces the time and cost of the mapping process.

Using the standard error propagation technique, the effect of exterior orientation accuracy on
ground positioning accuracy is studied. The same assumptions made in Section 2.1 are made
here. Figure 7 shows the ground point accuracy in horizontal (DRMS) for different POS/AV™
systems and for different image scales. Figure 8 shows the ground point height accuracy for
different POS/AV™ systems and for different image scales.
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Figure 7. Ground Horizontal Accuracy (DRMS) - The Model Case - 6” Lens Cone
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Figure 8. Ground Object Height Accuracy (RMS) - The Model Case - 6 Lens Cone
In the model case, the POS/AV™ 210 and POS/AV™ 310 satisfy the ground positioning
accuracy for some applications. However, they may produce a non-satisfactory y-parallax in the

model that would make stercovision more difficult than that when using a POS/AV™ 410 or
POS/AV™ 510. This topic is the subject of an ongoing study at Applanix.
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