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strument and is limited only by the reso­
Iu tion of the origi nal material.

d. The process, as described, can be used
in production and should be learned
quickly by the First Order Stereo­
Instrument Operator.

e. Further investigation as to utilization
of these basic formulas (as shown in
Figure 7) should be considered by those
interested in the use of panoramic con­
yergen t photography for mapping.

Coordinate Measurement:
The Elusive Micron*

REFERENCES

1. Helava, U. V., "New Principle for Photogram­
metric Plotters," Photograrnrnetrica, 2. 1957­
1958, pp. 89-96.
Helava, U. V., "Analytical Plotter Using In­
cremental Computer," PHOTOGRAMMETRIC EN­
GINEERING, June 1960.

2. Friedman, S. J., "AP/1-A ::\ew Concept in
Stereomapping," PHOTOGRAMMETRIC ENGI­
NEERING, July 1962.

Mahoney, Dr. William c., "Operational Use of the
AP-2 at ACIC," ACIC Technical Paper No. 11,
USAFo Aeronautical Chart and Information
Center, St. Louis, Missouri.

ERWIN G. LOEWEN,

Head, ]I,![etrology Research & Development
Bausch & Lomb, Incorp.,

Rochester, N. Y.

ABSTRACT: There exists a noticeable gap between the 1 micron least reading on
coordinate measuring equipment and the attaining of true 1 micron accuracy.
This is caused by inherent limitations of screws and scales which form the basic
measuring reference. Often overlooked is the problem of transferring dimensions
from the measuring reference to the working plane. For example, nearly all
existing designs depend to a greater or lesser extent on both the straightness and
orthogonality of two sets of ways, and their interaction. An error of only 0.9
seconds of arc in 9 inches corresponds to an error of 1 micron. Calibration of co­
ordinate measuring tables is very di./ficult to perform reliably to less than a
micron, since a precision ruled grid is the only good method available. Until
now such grids have been di.fjicult to obtain. A new facility is nearing completion
that will fill this gap by ruling grids with errors small enough to be ignored in
most practical situations of photogrammetry.

INTRODUCTION

'- X THILE typical accuracy obtainable in
V V current aerial photography is rarely

better than 5 J.L, there would be a distinct
advantage in evaluating photographs with
coordinate measuring equipment which is ac­
curate to 1 J.L. The reason for this is simply
that instrumental errors would not have to
be considered in data reduction. Even with
modern computers it is desirable to avoid

storing error information in a memory uni t
whose size and cost one should hold at a
minimum. Coordinate measuring equipment
for many years has been designed for 1 J.L
readout over 240 mm. square areas, but
working accuracy has rarely been of the
same order. Even calibrations to an accuracy
of 1 !J. have been very difficult to perform for
lack of good reference standards. It is worth
examining the difficulties involved both in
instrument design and calibration in order to

* Presented at 30th Annual Meeting of the Society, Hotel Shoreham, Washington, D. c., March
17-20, 1964.
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appreciate what methods could lead to im­
proved accuracies in the future.

MEASURING ELEMENTS

Screws and scales have been the traditional
measuring elements, although in recent years
grids have also been proposed (Raen tsch,
1959; Smialowski, 1963). Screws of 1 }J. ac­
curacy are fairly common with 25 mm. range
of travel but are very difficult to produce in
longer lengths, especially when travel up to
250 mm. is required. If screws are hardened
and lapped and are of a diameter large enough
to minimize sag, residual errors are usually
small or gradual enough so that simple cor­
rection cams can keep errors from accumulat­
ing to more than 1 }J.. However, it is important
to guard against periodic errors which no
man-made screw has ever escaped, and which
are also generated by bearings whose axis or
alignment does not coincide with that of the
thread. Poor quality or design of thrust bear­
ings can have the same effect, although
designs exist which lead to end play of less
than 0.01 }J..

Periodic errors are particularly insidious
because they frequently escape notice when
calibration is performed against the usual
reference standard whose divisions are an
even multiple of the scre\\' pitch. A simple
solution is to calibrate metric scre\\'s against
inch scales or vice versa. Design of devices
to transfer motion of the nut to a moving
stage has progressed to where this should be
no problem. Basic to screws (except for ball
screws that are more difficult to produce to
the required accuracies) is that rapid motion
generates error-producing heat, and also that
mechanical wear requires periodic recalibra­
tion. A very important advantage of screws
lies in the ease with which their rotation can
be made to give a corresponding electrical
output by using anyone of a large number of
rotary resolvers or digitizers.

Scales can be both optical or electrical,
although the latter have not yet been pro­
duced to 1 }J. accuracy. The advantages of
scales lie in freedom from wear, and from
thermal problems due to rapid traversing.
Automatic photoelectric readout has been
achieved by the Moire fringe method, but not
quite to 1 }J. accuracy, Visual settings to
cleanly ruled lines can easily be made to 0.5
}J., with 0,1 }J. regarded as a limit for most ob­
servers. Photoelectric line setting can achieve
0.03}J. precision, which is more than adequate
when other limitations are considered. Scales
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240 mm. long can be produced with errors
less than 1 }J. between any two lines, and even
better scales will be available in the future.

Slide motions can also be measured inter­
ferometrically, This involves expensive inter­
ferometers but with ultimate capability of
detecting relative motions as small as 0.003
}J., measured in terms of the \\'a velength of a
suitable spectral light source (Loewen, 1963).
For ruling master diffraction gratings this
approach has proven invaluable, but re­
quires, among other things, elaborate control
over environment (temperature and vibra­
tion in particular), as well as fully automatic
opera tion. The presence of a human opera tor
makes the ultimate unobtainable. Tt is also
necessary to pay full attention to the basic
system geometry.

GEOMETRIC COi\SlDERATIONS

Unless certain details of geometry are con­
sidered, not even perfect screws or scales give
accurate measurements, Of primary impor­
tance in coordinate measuring, as distinct
from one-dimensional length measurement,
is the straightness and orthogonality of the
two sets of coordinate slides. The coordinate
reference system is simply not definable to a
deRree better than the straightness of each
axis plus the angle between them. While this
seems perfectly obvious, it is a poin t seldom
given the importance it deserves, as can be
seen from reading most manufacturers' speci­
fications for instruments. A simple calcula­
tion sho\\'s that a departure of as little as 0.9
seconds of arc in either straightness or right
angle corresponds to 1 }J. in 9 inches of travel.
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Not many slides can be depended upon for
1 second control in all coordinate positions,
especially with the usual compound design
that suffers from variable loading conditions
in extreme settings. Bed type designs are
sometimes used to get around this, when other
considerations allow it, because here both X
and Y slides are separately mounted on a
common base and do not interact mechani­
cally with each other as they move.

The til ts or rota tions just discussed are
those around a vertical axis, perpendicular
to the plane of measurement. Unfortunately
these tilts have still another-and quite dif­
ferent effect on measuring errors-where they
combine with rotations around the other two
axes. This effect derives from the fact that
most measuring systems, in order to achieve
compactness, locate the measuring element
at some distance below and often to one side
of the axis or plane in which measurements
are made. First-order errors are the inevita­
ble result, as Abbe pointed out in 1890. Such
errors, shown in Figure 1, are simply equal to
the sine of the tilt angle a multiplied by the
distance between measuri ng axis and meas­
uring element, measured in whatever plane
errors are under consideration. Elaborate
measuring systems have been built where
this distance is 12 inches or even more,
which means that every second of arc tilt
produces a reading error of 1.5 IJ..

The so-called Abbe Comparator principle
states that for maximum accuracy "The
measuring element must lie in a straight line
projection of the axis of measurement," and
when adhered to, completely eliminates first-

order tilt errors by reducing the tilt angle
multiplying factor (d) to zero. It is important
that whenever the principle is violated, as it
often is for very good reasons, the results be
carefully considered. This has not always
been the case.

I t is in teresti ng to note that there exists a
fairly old, but little known optical technique
by which it is possible to read scales moun ted
conveniently below the measuring plane in
such a way that any tilt errors are optically
compensated. The advantage lies in making
it possible to obtain accurate measurements
independently of tilts around a horizontal
axis, without the bulky designs inherent in
straight application of Abbe's principle, but
when applied merely to scales offers no relief
from the need to make ways straight and
square. To achieve the latter requires the use
of grid plates, as discussed below.

El\vIRo:-l:\fE:-lTAL EFFECTS

Temperature is by far the single most
i mportan t effect ascri bable to environ men t.
Absolute temperature is less important than
temperature fluctuations and the gradients
they produce. Even when measuring ele­
ments, such as scales, have the same coeffi­
cients of expansion as the objects evaluated,
their normally internal, protected location
results in time lags with respect to external
changes of temperature quite different from
the more exposed photographs on a platen.
A similar situation results from body heat
radiated from a human observer sitting on one
side of an instrumen t. Such effects can often
be reduced appreciably if the air is kept in
thorough circulation all around the instru-
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FIG. 1. First-order measuring error (E) resulting from slides moving on imperfect ways. Curvature
of way is measured by angle", in going from positiOll I to IL Distance from ways to measuring element
(screw or scale) is d. For the small angles actually involved E = d",.
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FIG. 2. Schematic of an optical coordinate table based on precision ruled grid. Effect of way errors
avoided through optical compensation. Variable magnification telescope in parallel ray path (grid plate
used as mirror) adjusts location of plane above table in which complete compensation is obtained.
After Raentsch.

ment, with auxiliary fans for example, al­
though most operators are not likely to ap­
preciate this.

Dirt is the traditional enemy of precision,
especially where smooth moving slides are
needed and where optics are involved, but
the point hardly needs emphasizing here.

THE USE OF GRID PLATES

Once the sources of important errors have
been identified, methods for their reduction
are usually fairly obvious, although they
often are difficult and expensive to carry out
in practice. As a result the use of grid plates
or ruled grids, as described for example by
Raentsch and Smialowski, represents an
important step forward. The idea is to pro­
duce on a glass plate a 2 dimensional array
of lines, or other suitable index marks, and
make an optical comparison between their
positions and those of an object being printed.
Assuming that a satisfactory design has been
chosen for in terpolating between index posi­
tions, there now exists, for the first time, the
opportunity to obtain highly precise co­
ordinate measurements without requiring
more than average quality in the slide mo­
tions. Obviously the burden for producing
high accuracy has been simply shifted to the
eupplier of grids, who hopefully can be de­
pended upon to supply grids to the required
accuracy.

Optical compensation for tilting effects can
be applied to grids as well as scales, a typical
schematic, taken from Raentsch, is shown in
Figure 2. Of interest to machine tool builders,
but hardly to photogrammetrists, is that by
varying the focal-length of the optical system
the tilt effect compensation can be adjusted
to apply both in the plane of the table as well
as any reasonable distance above it. How­
ever, at any given setting, compensation is
complete in one plane only.

TESTING OF COORDINATE

MEASURING SYSTEMS

A common and simple method of testing
coot-dinate measuring systems consists of
using calibratecl scales to check each co­
ordinate motion separately. Unfortunately,
this is entirely inadequate because it pro­
vides no informa tion on slide straigh tness,
orthogonali ty, or the possi ble interactions
between slides in their extreme positions. A
complicated and tedious series of measure­
ments is required for a full exploration of
errors.

The only technique that reveals all the
necessary information in a single step is to
use a precision ruled grid. Since sharply ruled
lines 5 to 8 Ji. wide can be pointed to quite
readily with a precision of the order of 0.25
Ji., the calibration process becomes quite a
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simple one as soon as ruled grids of perhaps
0.5 Jl. accuracy are available. Ruling grids to
such accuracy is not a simple undertaking,
requiring specially built equipment, and as
a result they have not been generally avail­
able. It is anticipated that this gap will soon
be closed. At present one is usually forced to
use grids ruled to lower degrees of accuracy,
but furnished with calibrations for each point
of intersection. Such calibrations are difficult
to obtain to sub-micron accuracy, and taking
the errors into account adds appreciably to
the labor involved in using the grids.

CONCLUSION

It is possible, by taking advantage of known
error reducing effects, to design 9 inch square
coordinate measuring machines to attain the
1 J.l accuracy that has so long been no more

than the least reading. The effort and cost
involved may be appreciable, but small com­
pared with what will be involved in attempt­
ing a significant break through the "1 Jl.
barrier." All restrictions become intensified
and remote control becomes essential. How­
ever, when photographic data of sufficient
quality become available, the corresponding
instruments will be developed.
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Photo Interpretation
in the Highway Materials Program
of the U. S. Forest Service

u. S.

INTRODUCTION

T HE information interpreted from aerial
photography has distinct application in

many engineering phases of Forest Service
work. This paper, however, is concerned pri­
marily with the role of photo interpretation
in the highway materials program in the
states of Utah and Tevada and parts of
Idaho, Wyoming, Colorado, and California
which make up the Intermountain Region.

Several years ago a photogrammetric re­
connaissance program was initiated to ac­
celerate the Region's road location program.
This program utilizes photogrammetric prin­
ciples to provide area and route reconnais­
sance information for forest engineering
personnel. An area reconnaissance is a photo­
gram metric study of several routes that may
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serve the transportation needs of a general
area. A rou te recon naissance is more refined
in that the routes located by photogrammetric
methods adhere to grade and alignment con­
trols specified by field engineers. A complete
route reconnaissance consists of route deline­
ated photos, and information sheets that list
grades, sideslopes, exposure, vegetative cover,
and drainage data referenced to center line
stations.

THE PHOTO-MATERIALS INVESTIGATION

PHASE

Recently, it was decided to supplement
the reconnaissance program with a photo­
materials investigation phase that would
anticipate problems such as heavy rock cut
sections, unstable soil conditions, ground
water fronts, landslide susceptible situations,


