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Echelon analysis

Quantitative spatial data are important inputs for
many environmental models that determine future
implications of current resource use, policies, and
interventions. End products of applying such models
are often mappings of indices for level of potential
environmental impact (see Impact, environmental),
which then become guides to allocation of economic
and technical resources for amelioration.

Errors in quantitative spatial data will propagate
through environmental models and find expression
in the resulting impact indices. However, the con-
sequences of such errors for decision making may
well depend upon where the errors occur. There may
be relatively little confusion introduced by moderate
errors occurring in a vicinity that otherwise has con-
sistently high values of a variable. In contrast, errors
compound confusion in areas that are highly variable.
Errors can also substantially distort the apparent state
of areas that otherwise have consistently low values
of a variable.

It is therefore desirable to have a systematic means
of determining spatial organization in mappings of
quantitative variables, both for input variables to
environmental models and for indexes of potential
impact generated by the models. Modern computer
capabilities for visualization of surfaces are helpful in
this regard, but their interpretation is subjective.Ech-
elons present an innovative alternative for objectively
determining quantitative spatial structure for direct
mapping, either with or without computer-assisted
visualization [1–9]. Thus, they can facilitate analysis
of errors associated with environmental models that
take quantitative layers as input, or produce quanti-
tative output layers, or both.

Echelons of Spatial Variation

The spatial variables for echelon analysis are essen-
tially topographies, whether real or virtual. Such ter-
rain information is typically formated for processing
in a geographic information system (GIS) as a digi-
tal elevation model (DEM). This comprises a raster
in which an ‘elevation’ value is specified for the cen-
ter of each cell. Echelons divide the (virtual) terrain
into structural entities consisting of peaks, founda-
tions of peaks, foundations of foundations, and so
on, in an organizational recursion. Saddles determine

the divisions between entities. Each entity is assigned
an echelon number for identification purposes. The
peaks constitute one series of structural entities, being
numbered in decreasing order of summit elevation.
The foundations constitute a second series of entities
that are likewise numbered in order of decreasing
top level, starting with the next number after that
assigned to the lowest peak. Consider, for example,
the terrain depicted in profile with division as seen in
Figure 1.

The numbered entities thus determined are called
echelons. Echelons are determined directly by orga-
nizational complexity in the spatial variable, and not
by either absolute ‘elevation’ or steepness.

Echelons form extended families of terrain enti-
ties having a genealogy similar to that of an extended
human family, except that each echelon has only one
parent. In the case of echelons, an entity that rises
from another is more aptly termed an ‘ascendant’,
rather than a ‘descendant’. Likewise, a ‘parent’ entity
is termed a ‘founder’. The echelon relations deter-
mine a family tree as illustrated in Figure 2. This is
a ‘scaled tree’ in the sense that the height of each
vertical edge corresponds to the height of the eche-
lon above its founder (parent). The cumulated height
above the root is the height of the terrain. The num-
ber of ‘ancestors’ for an echelon is a local measure
of regional complexity.
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The echelons also comprise a structural hierarchy
of organizational orders. The orders of the hierarchy
are assigned and numbered in the same manner as for
a network of streams and tributaries [8]. Thus, peaks
are akin to unbranched tributaries, and have order 1.
A foundation for two or more order 1 entities is of
order 2. Likewise, a foundation for two or more order
2 entities is of order 3. A low order entity (see 5 in
Figure 1) sharing a foundation with a higher order
entity does not increase the order of the foundation.
This is not unlike the case of an unbranched tributary
entering a higher order stream.

Echelon Characteristics

A suite of form attributes can be determined for
each echelon, including area extent of the basal
slice and vertical projection above its founder. Some
form attributes may depend upon an interval scale of
measure for the vertical dimension, but the echelon
decomposition only requires an ordinal scale of mea-
surement. A standard table of echelon characteristics
contains a record (row) with 10 fields for each ech-
elon, including echelon identification number, order,
founder, maximum level, minimum level, relief, cells,
progeny, ancestors, and setting within the tree. The
table is associated with an echelon map file giving
the ‘level’ value and echelon identification number
for each cell. Echelons thus formalize the structural
complexity of the (surface) variable without incurring
any loss of information with respect to (surface) level.

Echelon Trees

Since most echelon trees are much too complicated
for visual study as dendrograms, characterization and
comparison of echelon trees is done through analyti-
cal processes such as pruning. Consider, for example,
a pruning process on an echelon tree that recursively
partitions the tree into an inner set of limbs and
an outer set of boughs. The first stage of pruning
traces all terminal (order 1) echelons down to the root
while counting the echelons that comprise each path.
The subset of terminals thus identified as having the
maximum path is then retraced to determine which
echelons are shared by all such paths. The mutual
echelon path working upward from the root becomes
the first (main or trunk) limb of the echelon tree. All
other components of the tree are pruned away at the

trunk forming a set of subtrees called boughs. This
partitions the tree into a set of limb echelons and
another set of bough echelons.

In the second stage of pruning, the process is
conducted separately on each of the boughs. Each
bough thus yields, in turn, a limb and a set of
additional boughs. This repartitions the tree into a
larger set of limb echelons and a reduced set of bough
echelons. Further stages of pruning will eventually
convert the boughs entirely to limbs, so that the bough
fraction will become zero. Some boughs will continue
to yield residual boughs longer than others, depending
upon depth of structure in the respective subtrees.

Echelon Profiles

Plotting the limb fraction (as a percentage) vs. the
stage number in the pruning process will yield a
divergence profile of surface organization. Simple
trees will have the profile climb rapidly to 100.

A scope profile plots the percentage of cells in
limbs vs. stage number. Since echelons vary in num-
ber of cells (even for the same order), such a profile
captures the scope for different degrees of complex-
ity on the surface. A bunching profile plots boughs as
a percentage of order 1 nodes against stage (pruning
cycle) number. This profile is particularly sensitive
to depth of structure and its consistency among the
branches. A stacking profile plots the percentage of
order 1 nodes in limbs against stage number. This
profile is indicative of propensity for echelon siblings
to be of the same order.

Echelons may also be determined after filtering
the (surface) variable in several ways to remove
‘jaggedness’ that has high spatial frequency. The
degree of change in the echelon structure due to
filtering is indicative of the data error instability and
the amount of ‘noise’ expressed on the surface.

Echelon Research

The current stage of development for echelon tech-
nology provides a mature descriptive capability for
characterizing quantitative spatial variables. A major
question concerning quantitative spatial variables
with respect to many applications is whether there are
substantial sectors of the surface having particularly
high or particularly low values relative to the mean
level. These are the ‘uplands’ and ‘lowlands’ of the
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virtual surface. Currently the manager or investigator
is obliged to resort to subjective examination of visu-
alizations on maps and/or computer displays in an
attempt to gain insights on possible ‘focal’ areas.

In the domain of echelons, candidate focal areas
may be conceptualized as principal families; the sec-
tors that they occupy can be viewed as principalities.
The information needed for determining principal
families resides in the echelon table and tree represen-
tation. Once the principal families are identified, the
sectors that they occupy can be extracted by exploit-
ing the linkage between the echelon map and the
echelon table. Analytical and computational strategies
must be formulated for segregating the principal fam-
ilies from what are typically hundreds of upper-level
echelon families.

Probabilities based on a null model using a planar
random process allow the user to specify a criterion
for areas of potential concern to be extracted compu-
tationally. In other words, an echelon family would
be seen as a candidate for focus if the probability
of its extent receiving observed amounts is less than
the criterion under a random distribution of quantity
over area.

Since echelon determination is computationally
intensive, there is further advantage in extracting
principal families from partially determined eche-
lons. This scenario would terminate the top-down
progression of echelon determination for an area
when the probability of observing encountered val-
ues under planar randomization exceeds the criterion
level. The echelon table would then consist of a
series of subtrees, with a subtree for each principal
family.

There may also be environmental and/or economic
importance in especially ‘rough’ or irregular areas
of high spatial variability. A promising strategy for
this purpose is analytical specification of tree mod-
els representing specific types of spatial roughness.
Binary trees and ‘vines’ are special forms that provide
points of departure for this component of the work.
Roughness develops through bifurcation in a binary
tree. A ‘vine’ is a ‘noise’ tree in which each node
has only one ‘fertile’ element that undergoes further
branching. Corresponding computational capability
must then be configured for traversing a tree and
excising those sequences of nodes that are consistent
with the branching model of interest.

Filtering strategies can be explored for the purpose
of assessing robustness of spatial structure to errors

in the variable. Extraction of principal families and
principalities after filtering severity corresponding to
assessed error will indicate whether or not principal-
ities are locationally stable and therefore robust to
errors.

Environmental Applications

A further line of research involves comparative study
of spatial complexity as expressed by a suite of indi-
cators for different aspects of ecosystem health (see
Ecosystem monitoring). A basis for approaching this
problem lies in the echelon capability for local speci-
fication of regionalized complexity. This specification
can take several forms such as echelon order, number
of ancestors, and precedence in terms of sequential
echelon determination. Each such specification yields
a synthetic image band. These pseudo-image bands
can be assembled as synthetic multiband complexity
image datasets for the region in question. Hyperclus-
ter compression of the synthetic multiband image data
will extract prevailing patterns of complexity among
the several indicators of ecosystem health. Spatial
patterns of joint complexity and/or simplicity among
health indicators for stressedecosystems can provide
a new diagnostic tool. The complexity clusters will
occur in spatial patches that can, in turn, be mod-
eled by hierarchical Markov transition matrices (see
Conditional entropy profiles).
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(See also Spatial analysis in ecology; Tree-
structured methods)
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