Describing Survey Quality

by Bob Thrun

Statistics

In his article, “Proving Survey Accuracy”, John Stevens
overlooked some aspects of the way that random errors
accumulate. The random error in the sum of measure-
ments tends to increase as the square root of the number
of measurements. This occurs because the errors some-
times add and sometimes subtract from each other. It can
be hard to find this explicitly stated in a statistics book.
This has been pointed out by some caving authors: Heinz
Schwinge, Denis Warburton, Mike Luckwill, and Irwin
and Stenner. Many cave surveys have a large loop where
the percentage error is particularly low and the surveyors
all brag about it. I found that many of my short loops,
with only three or four shots, had large percentage errors.
Both of these situations are simply to be expected.

Schwinge showed that, when there are only length and
compass errors, there is an optimum survey shot length
that minimizes the error when surveying a given distance.
Schwinge did not have clinometer or station position
errors in his derivation. The minimum error occurs when
the error due to the angle measurement in each shot is the
same as the error due the length measurement . For the
1976 BCRA Grade 5, this shot length is 5.73 meters.
Station position error would favor somewhat longer shots.
The average shot lengths in the loops from the Ogof
Draenen survey that Stevens presented are close to the
optimum.

Some authors calculate a standard deviation for a survey
and equate it with “probable error”. The term should be
“most probable error” since any size of error has some
probability associated with it. The definition of standard
deviation involves only one variable, so it is one-dimen-
sional. The most probable error in one dimension is zero.
Standard deviation refers to the width of the probability
distribution. Some authors also confuse the one-dimen-
sional and the three-dimensional error distributions. If
there are independent and equal probability distributions
in more than one variable, then we have a chi-square dis-
tribution, which has a non-zero most probable error. The
errors in a single survey shot of optimum length are an
example. If the errors on a traverse are the same in all
directions, we have a good approximation of a chi-square
distribution. The chi-square distributions in two and three
dimensions have the special names of Rayleigh and
Maxwell distributions. The chi-square distributions can
be expressed in units of the one-dimensional standard
deviation. These distributions are shown in Figure 1.
Since we are concerned with the absolute value of the
error, the values for the one-dimensional normal
distribution are doubled. The cumulative probability, the
probability that an error is less than some amount, is
shown in Figure 2. The maximum, median, and mean
values for the three distributions are given in Table 1. In
Figures 1 and 2, and in Table 1, it is assumed that the
errors are independent and the same in all directions.
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Figure 1. Probability densities in one,
two, and three dimensions
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Figure 2. Cumulative probability distributions
in one, two, and three dimensions.

Maximum Median Mean
1-D 0.000 0.674 0.798
2-D 1.000 1.177 1.253
3-D 1.414 1.538 1.596

Table 1. Maximum, median, and mean values
for one-, two-, and, three-dimensional
probability distributions.

I did computer simulations for the loops that Stevens
showed in his Table 3. I constructed loops with the same
length and number of shots that he had. On each survey
shot I added random errors from uniform distributions as
specified in the 1976 BCRA Grade 5 standard. Idid 1000
simulations for each set of loop conditions and made bar
graphs showing the distributions from the simulations.
On each of the bar graphs I added a symbol showing the
closure error from the actual survey. These bar graphs are
shown in Figures 3 to 11. For most of the loops, I
constructed N-sided regular polygons, giving nearly



circular loops. This ensured that the errors were the same
in the two horizontal directions. If I did more simulations
for each set of loop conditions, the bar graphs would more
closely resemble the 3-D distribution in Figure 1.

I tried loops where half the shots went out in one direction
and then doubled back along the same route. The
doubling back had a slight effect on the overall error
distribution of the loop. One of the doubled-back loops is

shown in Figure 4.
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Figure 7. Probable loop closure error distribution
for a circular loop 1314 meters long with 159 shots.
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Figure 3. Probable loop closure error distribution
for a circular loop 5083 meters long with 614 shots.
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Figure 4. Probable loop closure error
distribution for a doubled-back loop
5083 meters long with 614 shots.
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Figure 5. Probable loop closure error distribution
for a circular loop 4158 meters long with 481 shots.
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Figure 6. Probable loop closure error distribution

for a circular loop 2197 meters long with 292 shots.
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Figure 8. Probable loop closure error distribution
for a circular loop 850 meters long with 139 shots.
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Figure 9. Probable loop closure error distribution
for a circular loop 570 meters long with 102 shots.
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Figure 10. Probable loop closure error distribution
for a circular loop 610 meters long with 71 shots.

All the survey shots in the simulated loops were of equal
length. If both the total length and the number of survey
shots are specified, the minimum error occurs when all
the shots are the same length. The worst case is one long
shot and a bunch of very short shots. My simulations
predict less error than would more realistic simulations
with varying length shots and the proper angles. Better
simulations could be done by adjusting the loops and then
adding random errors to the adjusted measurements.
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Figure 11. Probable loop closure error distribution
for a circular loop 395 meters long with 38 shots.

I examined about 40 cave surveys for a talk I gave at the
2000 NSS Convention. None of these surveys met BCRA
Grade 5 standards, though some came close enough that |
feel there might be a Grade 5 survey somewhere. Stevens
presented eight loops that he claimed to be Grade 5 or 6
quality. Of these, only three of the four claimed Grade 6
loops meet Grade 5 quality, while none of the claimed
Grade 5 loops do. Two of the loops look like they might
meet Grade 6 quality. Or they might just be some better-
than-average loops from a lower quality survey. We
would need to examine many more loops to be sure.

Finding Loops

For the first cave survey data reduction program I wrote, |
had to specify the route of each loop. I found that even a
small network has a large number of possible loops. As
an example, consider a simple network with nine small
squares making up one large square. If we count just
rectangular loops, we get the numbers of loops shown in
Table 2. There are other possible shapes of loops and
many more loops in this network. It is easy to get over a
hundred loops.

Number Size

of loops | of loop
9 1x1
12 1x2
6 1x3
4 2x2
4 2x3
1 3x3

Table 2. Counts for some loops in a simple
network, consisting of nine small squares
making up one large square.

Irwin and Stenner described a survey adjustment method
where they pick some key junctions in the survey and
then average s few different routes from the entrance to
each of these junctions. This method is best suited for a
person working with a calculator. It would be hard to
program a computer to find just a few distinct routes.

Larry Fish, in describing his COMPASS program, said it
finds all the loops in a survey. 1 puzzled over this
because I realized that a very large number of loops can

be constructed. COMPASS finds a minimal set of loops
that are called fundamental cycles of a graph in graph
theory. Any loop may be constructed by adding cycles
from a set of fundamental cycles. Where parts of two
cycles coincide, they cancel out. There are many possible
sets of fundamental cycles for any graph. Figure 12
shows the same network with two different sets of
fundamental cycles. The set that is found by COMPASS
is determined by the order in which the data are
presented. WinKarst, by Garry Petrie, attempts to find
small loops. Other cave survey programs use least-
squares and do not explicitly find loops.
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Figure 12. Two different sets of fundamental
cycles for the same graph.

The problem of finding all the loops resembles the classic
Traveling Salesman Problem. However, the salesman can
go directly from any city to any other city, while the cave
surveyor can go to only a few other survey junctions from
any given junction. I have come to the conclusion that if
there are N junctions in a cave survey network, there are
between 2" and 3" loops in the network. Consider two
points with N junctions on the route between them. At
each junction there are 2 or 3 route choices. You can
come to the same conclusion by considering the effect of
an addition to a network. The exact number of loops will
depend on the network. It will usually be more than I
want to count, even with a computer program. I once
suggested a random-walk program to gather loop
statistics.

Assigning Grades

Bryan Ellis and others contended there were three basic
types of surveys: the rough sketch, the fast survey, and the
proper survey. They wanted to reduce the number of
grades to three, but put in the non-favored grades because
some cavers did not want their surveys downgraded from
a 5toa3! Ican’t think of any instruments graduated in 5-
degree increments to use for a Grade 3 survey. If the same
surveyors use the same instruments for the two types of
survey, they should get the same accuracy. The typical
surface survey would be an example of a fast survey. The
differences between the two types of survey are in the
level of detail and thoroughness in going down every
passage.

Surveys done with compasses that are marked in one-
degree or half-degree increments have errors larger than
would be indicated by the precision of the markings. I
would not be surprised if compasses marked in two or



five-degree increments produce less error than the
precision of marking indicates. I see very few British
newsletters. Are there any Grade 3 surveys done? If so,
could somebody check the closure errors on some of
these? It may be that Grade 3 is obsolete because no
Grade 3 surveys are done.

All the surveys I looked at for my 2000 talk would have
to be classified as 1976 BCRA Grade 4. Leaving out the
very worst surveys, which had a lot of blunders, there
were factors of 2 or 3 between the best and worst surveys,
which brings us into Grade 3 territory. There was no
obvious place to divide the surveys into good and bad
categories. The spread in the values of the individual
closure adjustments within any one survey was at least as
wide as the error simulations I show here It looks to me
like there is no Grade 4 gap between Grades 3 and 5.
Instead, they all merge into one broad grade.

I have a copy of the Ogof Draenen Grade 2 survey data.
The compass is always read to the nearest degree and the
distance is read to 0.1 meter. The 0.1 meter accuracy
would qualify for Grade 5 in the 1976 standard, but not
the 2002 standard. There would be little difference in the
overall accuracy between 0.1 and 0.01 meter accuracy
because the larger errors due to angle measurements
dominate. A declination correction is made, although the
compasses and readers are not individually calibrated.
The main difference between the data I have and a
Grade 5 survey is the lack of clinometer readings.
Perhaps someone could compare the Grade 2 and 5 maps.

Some surveyors publish maps with a magnetic north
arrow. Some get the declination from a map or a mag-
netic field model. Some get a combined declination and
compass correction by a surface shot. Some do surface
shots in multiple directions to get a correction for com-
pass eccentricity error. [ will leave it to others to argue if
calibration or the lack of it is enough for a separate grade.

The wording of the BCRA grades gives the impression
that baseline accuracy is the most important aspect of a
cave survey. We all try for accuracy in our surveys, but
does it really matter? For most uses, the amount of detail
and the completeness of the map are more important. An
inaccurate survey is adequate as a road map as long as
there are no blunders. On the other hand, even the most
accurate magnetic survey is not adequate for drilling a
new entrance far from the original entrance.

William E. Davies produced many maps for his book,
Caverns of West Virginia. He often mapped small caves
on consecutive days, so they must have been compass-
and-pace maps. In comparison with modern maps, his
angles may be off by up to 10 degrees and his distances
may be off by 30 percent either way. The only way to tell
is to overlay one of his maps with a new map. He was a
good observer and his maps often have as much passage
detail as the modern maps. He did not push down every
small passage.

The BCRA detail gradings are worded awkwardly.
Rather than being based on how much detail there is in a
map, they are based on whether or not the details shown
were measured. A map with less detail could have a
higher detail grade than a map with more detail, provided
that all the details shown were measured. It should be
obvious to anyone looking at a map how much detail it
has. And what about small versions of large maps?

British cavers are accustomed to grades and regard them
as a measure of quality. Others use BCRA grades with
the mistaken idea that they are scientific. The use of a
grade is an implicit claim of accuracy, but there have been
very few efforts to determine if a survey meets the
specification. There were Irwin and Stenner, myself, and
now John Stevens. Any others? Most British cave sur-
veyors simply called a Compass, Tape, and Clinometer
survey (a clearer term that I prefer) Grade 5. The 2002
revision brings the BCRA grading system in line with
actual practice and changes the system from a failed
attempt to quantify the accuracy of a survey to jargon for
the sake of jargon.

If you want to describe the quality of a survey, using a
system that is clear, meaningful, and unambiguous, I
suggest the following:

e No map.
Sketch with no measurements.
Compass and Pace.
Compass and Tape
Compass, Tape and Clinometer.
Something is either measured or not measured in this
classification. And there is no need to use code. This
classification says very little about the accuracy of the
survey, but the BCRA grades don’t say much either.

Some cavers may want to assign a numerical value to the
accuracy of their surveys. Two possible measures for a

single loop are ~ Error /NN , where N is the number of
survey shots in a loop, or Error/ ./ length . The first

of these will be roughly proportional to the error per shot.
The second will be roughly proportional to the angular
error on the longer shots. Neither of these measures takes
into account the lengths and directions of the individual
survey shots. For a given survey, there will be a mixture
of good loops and bad loops, long loops and short loops.
It is possible to display the values as a point cloud, similar
to the way I showed least-squares adjustments in my 2000
talk. 1 can’t think of a good non-pictorial way to
summarize the statistics for an entire survey. To use
either of these two loop measures, it is necessary to
explicitly find loops.

I can’t think of any way of evaluating the survey accuracy
that takes into account the survey shot lengths and
directions that does not make a comparison to an assumed
standard. If that is done, there is still the problem of
summarizing the results.
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