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Dynamic Measurement of Undulating Water
Surfaces in a Lock Fill

Cllve S. Fraser and Rlchard G. McGee

Abstract
One of the principal concerns in lock operution is the ques-
tion of how the dynamics of the water surface during the fill
(or emptying) cycle translate to forces on vessels in the lock.
Drift forces are greatly influenced by water surface oscilla-
tions, and, thus, their modeling is considerably enhanced by

mat CRC-7 cameras were employed in a convergent imaging
confguration to record xYZ coordinate data to better than 2-
cm accuracy, at B-second intewals over several B-minute, 26-
metre lift cycles. Automatic image coordinate mensuration
was then used for the 100 or so photographs taken at each
fiLL/empty cycle. From the rcsultingtime-tagged digital eleva-
tion model, data-pertinent hydraulic parameters were
computed and gaphics visualization sequences were gener-
ated to illustrate water surface oscillation harmonics.

lntroduction
Efficiency is t}le primary goal in navigation lock design. Basi-
cally, optimum lock efficiency involves a balance among the
pa-rameters of (r) fflling and emptying times for a given lift,
(2) lock chamber water surface performance, and (3) the ap-
proach conditions for vessels entering a lock. The primary
objective is to maximize capacity, reduce processing and
queuing times, and reduce traffic delays; all without ad-
versely affecting the Iock chamber performance,

Lock chamber water surface performance can be charac-
terized in terms of turbulence and low-order harmonic oscil-
lations. Both of these are related directly to the rate of fill
and the distribution of flow delivered to the lock chamber
through the filling and emptying (F&E) system. An optimal
F&E system would be one that provided a balanced delivery
of flow to the lock chamber, irrespective of valve operations

Water surface harmonic oscillations, particularly in the
longitudinal direction, are important in lock design due to
the possible generation of high drift forces on vessels in the
lock. These forces can give rise to undesirable safety condi-
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tions. Figure 1 indicates longitudinal modes of oscillation
which might occur, depending on lock design and operation.
The vertical differential along the length of the chamber that
could causo significant problems might be less than I to 10
cm over 200 m.

A primary objective in lock testing and evaluation has
been to accurately and efficiently assess lock chamber per-
formance, i.e., to quantify the dynamics of the water surface
during operation. Traditional direct measurement techniques
utilizing hydrostatic pressure transducers, acoustic water
level sensors, or float-type water surface instrumentation pro-
vide virtually no quantitative measure of the total chamber
surface performance. The most desirable measruement tech-
nique would be one that provided a comprehensive surface
map of high accuracy at desired instants of time throughout
the rar cycle.

To meet this need, a new technique had to be found. It
would have to be noninstrusive, rapid, provide as much sur-
face measurement continuity as possible, and display accura-
cies at the 1-cm level in the vertical dimension. Close-range
photogrammetry seemed to offer a practical measurement ap-
proach which would meet test requirements, for it provided
the means to construct a comprehensive, field-measured digi-
tal elevation model (nnu) of a lock chamber water surface
during operation. In order to evaluate the photogrammetric
approach for lock performance assessment, a number of fulI-
scale tests were performod at the Bay Springs Lock which is
situated on the Tennessee-Tombigbee Waterway in Missis-
sippi. The lock, which is shown in Figure 2, has nominal
chamber dimensions of t8o m {length) by 34 m (width), and
a Iift at normal upper and lower pool levels of 26 m, The
Bay Springs Lock, with its culvert manifold F&E system and
high lift, is considered a state-of-the-art facility and was cho-
sen for testing because of its rapid filI rate of less than B
minutes over the full 26-m lift.

Measulement Requilements
The proposed water surface mapping called for the monitor-
ing of an array of 71 points distributed throughout the 160-m
by 33-m surface area of the lock. Target points were required
to be accurately positioned at time intervals of less than 10
seconds, over the entire 8-minute Iift cycle. The proposed
grid layout for tho surface points was based on criteria for
determining longitudinal and lateral water-surface oscilla-
tions, and targets were located to facilitate contouring to the
desired resolution. The targeting scheme is detailed in the
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Figure 1. Longitudinal modes of oscil lation.

figure 2. The Bay Springs lock.

following section. Water-surface oscillations of the largest
magnitude can be expected to occur during periods of rapid
flow acceleration, i,e., when the water surface rate of rise (or
fall) is near maximum value. This takes place around the
time the fiIling valves reach full open, when the natural per-
iods of longitudinal and lateral oscillations of the lock cham-
ber reach a maximum, which ranges from 10 to 60 seconds
depending on the mode number. The choice of the rate of
photography is governed by the need to isolate harmonic
pa.rameters of the various periods of water surface oscilla-
tions. The fast data acquisition rate of close-range photo-
grammetry is of considerable benefit in this regard.
Application oi photogrammetry to the dynamic mapping of
water surfaces is not without its practical difEculties, how-
ever, and in the noxt section we look at how the principal
photogrammetric difficulties were overcome
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Photogammetdc Conslderatlons
The monitoring of a dynamic event by photogrammetry re-
quires the use of either dual or multiple synchronized cam-
eras. At the preliminary design stage of the lock project, it
was planned to adopt an imaging conffguration of two large-
format Geodetic Services, Inc. (cs| CRc-1 cameras (Brown,
1984), each with a wide-angle lens of 120 mm focal length.
When positioned on opposite lock walls, adjacent to the up-
stream gates, these two cameras, which have an 85" ffeld of
view, could image the entire water surface area over the full
lift of the lock. Thus, stereo coverage of tle evont to be mon-
itored was possible. Figure 3 gives a basic illustration of the
mildly convergent stereo geometry of the photogrammetric
network.

TaEetlng
The first aspect which required special attention was target-
ing. Of ttre 71 monitoring posidons, 16 were at approxi-
mately 10.5-m intervals along each lock wall, 16 were at the
same interval down the lock centerline, and there were five
rows of seven points (including three from the longitudinal
Iines) which were positioned transverse to the lock at inter-
vals of 40 m. These positions can be seen in the simulated
CRC-1 photograph shbwn in Figuro 4. Photographic distances
ranged from approximately 15 m (an image scale of r:tzs) to
close to 175 m (1:1400), and the artificial targets to be used
therefore needed to be of variable size to accommodate the
11-fold image scale variation between points in the near and

Figure 3. Convergent stereo geometry of the photogram-
metric network.
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Figure 4. "Simulated photo" from the right-hand camera
station, showing target and control point layout.

side of the lock gave rise to a photogrammetric base of 33 m,
and to "base/height" ratios in the convergent stereo network
ranging from a favorable value of 2 for near-field-targets to a
less-thin ideai o.z in the far field. The associated range of
standard errors for the photogrammetric triangulation was
then 0.3 cm for targets Llosest to tle cameras to 6 cm for
points at the far end of the lock. In the latter case, the trian-
iulation precision is weakest in the "depth" direction, i.e.,
ilong the lock. Of principal concern to the surfa-ce mapping,
how6ver, was the verUcal coordinate, and here the standard
errors of triangulation ranged from 0'2 to 1'2 Gm. Thus, even
at a distance of some 170 m from the cameras, the accuracy
of water level determination would readily srupass the 2.5-
cm tolerance specified.

Standard errors of obiect point triangulation were esti-
mated based on an overall image coordinate measurement
accuracy of 2 pm. To ensure that such accuracy woul9 be -
achieved, it was imperative to pay close attention to the sub-
iect of camera calibiation. In order to calibrate the two cRC-r
t"m"."r a self-calibration procedure was adopted whereby a
supplementarY 12-photo, two-camera network was estab-
lis^hid using tle object point target field. The resulting cam-
era calibrattn parameters were then applied in all
subsequent two-photo bundle triangulation computations for
the water surfaco maPPing.

Gontrul Conslderatlons
The bundle triangulation performed at each measurement ep-
och amounted to-an analytical relative orientation only; :ro
account was taken of obiect point control coordinates. There
was, nevertheless, a need to provide a stable datum for the
XYZ rcference system in order to quantify epoch-to-epoch

far fields. An optimum target image size for automatic photo
mensuration on the GSI Autoset video-scanning film reader,
which measures image coordinates to accuracies surpassing
0,5 micrometres, is about 100 pm (Brown, 1987). This im-
plied the need for targets ranging in size from just over a
ientimetre in the foreground to 14 cm for the points farthest
from the cameras.

After some investigation of suitable targeting approache-s,
the one finally adopted involved the use of balls coated with
retroreflective paint. These balls, which ranged in diameter
from 2 to 15 cm, were tlen each mounted on a black as-cm
square piece of plywood which in turn was positioned on an
irinatea innertu6e. A lattice-like tethering scLeme, which
made use of the lock mooring bitts, was developed in order
for the target array to freely rise and fall with the changing
wator surface.

The use of retroreflective targets is nowadays standard
throughout industrial photogrammetry (e.g., Fraser and
Brown, 1986; Fraser, 1993). ln this case, "retrotargets" would
provide a means to image the far distant poinas wlth only a
modest amount of strobe light, even though the photography
was to be taken at night.

Photo4aphy
For each fill cycle, 50 epochs of surface data were required,
with the time intewal between epochs being 6 to B seconds.
This interval was the shortest possible due to the 6-second
recycling time of the CRC-1 cameras. Between epochs, the
waier level would move up or down by a maximum of about
0.5 m. With the surface changing at such a rapid rate, it was
critical to ensule that the two cameras were perfectly s1m-
chronized, Slmchronization was achieved by means of a
closed-loop shutter firing system which operated as follows:
(r) as the ihutter for the first camera was actuated by cable
release, a shutter slmchronization signal was sent to electron-
ically activate the ihutter of the second camera; (2) with the
opening of the second shutter, the strobe for tlat camera was
fiied; and (3) a photosensitive "slave-tripper" then fired the
strobe system at the first camera. The photo-electric couPling
of the two strobe units ensured perfoct synchronization for
the photography.

Netwolk Geometry
Design options for a suitable network Seometry werc very
limit-ed. The positioning of the two cRc-1 cameras on each

PE&RS

Figure 5. CRC-1 camera.
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Figure 6. Measured water surface DEM at (a) Epocn 2, b) Epoch 5, and (c)
Epoch 10.

point movements. Moreover, becaus€ surface slope informa-
tion was to be derived, it was important that the Z-cootdi-
nate be truly aligned to the local vertical.

To provide a stable datum, ten targeted control points
were established along the walls of the lock. These targets,
which are indicated in the simulated photograph (Figure +),
were also balls coated with retroreflective paint. Following
the ffnal photography session, the ){YZ coordinates of these
control points were suweyed using tleodolites and levelling
to an accuracy of a few millimehes. The resulting XYZ coor-
dinates provided the stable reference system to which all co-
ordinate data would refer. Through a ep similarity
transformation, the object point coordinates of the relatively
oriented photogrammetric networks were bansforrred into
the conbol system, thus providing the necessary absolute ori-
entation. The provision of ten corrmon points in the coordi-
nate transformation would provide a degree of quality
assurance for the photogramnetric triangulation process, be-
cause coordinate residuals resulting from the least-squares fi.t
could be evaluated against the positional standard errors
from both the photogrammetry and the ground survey of the
control points.

Measurement 0pentlon
In most respects, the photogrammetric measurement opera-
tion proceeded as planned. A total of 12 tests consisting of
11 fflls and one drain were performed. Unfortunatel], a few
of the tests had to be prematurely terminated because of
heavy rain which presented the double adversities of poor
visibility and the loss of reflectivity of retrotargets when they
became very wet. Light rain persisted for most of the tlree-
day test period, but fortunately it had limited impact on the
data gathering phase. Figure 5 shows one of the CRC-I cam-
eras on its mount on the lock wall.

Of the photography gathered, only that for four tests has
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been measured to date. Film mensuration on the AutoSet
monocomparator required a little more manual intervention
than had 6riginally 6een envisioued, due mostly to poor tar-
get images caused by the weaker than normal retum of light
from wet rehotargets. Nevertheless, the film reading process
proceeded quite rapidly, with about six to eight photos being
measured per hour. For any photograph in an image se-
quence, it was possible to predict accurately the position of
target points based on an extrapolation from the two previ-
ous photographs. This a priofi knowledge of image point po-
sitions assisted in speeding up the fflm measurement
process. Again, because of ttre rain, one to tlree targets per
epoch were typically unmeasurable, and, as anticipated, this
problem was most pronounced for points in the far field.

The bundle triangulation adjustment for each epoch was
carried out immediately after the associated pair of photo-
graphic negatives was measured. Closures of triangulation
averaged about 2.2 pm, thougb x-image coordinate residuals
(close to being within the epipolar plane) were typically un-
der a micrometre due to the weak internal reliabilitv exhib-
ited by the network geometry. Perhaps a mor6 reassuring
quality control indicator was provided by the root-mean-
square (nus) values of X, Y, and Z coordinate residuals that
arose in the transformation of the photogrammetrically meas-
ured coordinates to those of the ten-point control configura-
tion. The resulting values of 2 cm in X and Y and 0.b cm in
Z were both within the bounds anticipated, and were very
repeatable from epoch to epoch.

Analysls of Surface Mapplng Data
With the time-tagged DEM for each of the 50 epochs of meas-
urement within a fill or empty cycle, a first-of-a-kind proto-
type evaluation of the water surface performance of a lock
chamber lad become possible. The primary hydraulic para-
meters to be evaluated from tle pnu data were water surface
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harmonic oscillations and raE system discharge. Photogram-
metry allowed the latter to be measured to hitherto unattain-
able levels of precision through a determination of
volumetric chinges between photo epochs. This afforded im-
proved evaluation of various hydraulic coefEcients such as
ihose for valve loss, friction and fo.m loss, and entrance and
exit manifold loss.

The primary analysis objective focused on determining
the harmonics of water surface oscillations. Figures 6a
throueh 6c show the water surface DEMs for three photo ep-
ochs during the critical period of culvert valve movement.
Figure 6a, Epoch 2, is iust after the valve opening b-ggins' -
Tlie longituiiinal water surface oscillation is generally at the
fundamdntal mode (n : 1) as expected' (Note: The vertical
exaggeration is approximately 134 times the horizontal
scale') Higher frequency transverse oscillations are- also pres-
ent. Approximately 30 seconds later, at Epoch 5, the longitu-
dinal witer surface oscillation is being driven predominantly
around the second mode (n = 2J of oscillation. Figure 6b def-
initely shows higher elevations at the ends of the lock than
at the midpoint. Forty seconds later, at Epoch 10 (Figure 6c),
the case could be made for oscillations of n : 2 and n : 4.
These modes of oscillation were not unexpected for the high
lift, balanced-flow F&E system at Bay Springs, In terms of
lock performance, however, the severity of the surface oscil-
lations is not considered unacceptable, Vessels utilizing Bay
Springs Lock have reported no difficulties during processing,

Concluding Remails
The reported dynamic mapping of undulating water su-rfaces
in a loik fill represented a first-of-a-kind application of close-
range photogrammetry to lock chamber performance assess-
ment. The Bay Springs lock project persuasively
demonstrated thal a photogrammetric approach employing
synchronized large-format cameras and automated image ,
mensuration was both a practical and economical means for
providing water surface DEM data to the high measurement
hequency required, Moreover, photogrammetry facilitated
the recovery bf harmonic oscillation data and associated hy-
draulic parameters to levels of accuracy which have been
hithertdunattainable with traditional, direct measurement
techniques,
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