Robust optical flow estimation using underwater color images
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ABSTRACT: Accurate and efficient optical flow estimation is a
major step in many computational vision problems, including
3-D mapping applications. While processing of gray scale im-

Robustness with respect to various sources of noise and
error is typically addressed by carrying out the calcutatio
over small local regions of each pixel; explicitly addrasse

age sequences has been the main approach, some authors havédy various formulations imposing the smoothness congtrain

recently investigated and reported the use of color images. The
main advantage in the use of color images is to exploit redun-
dant information at each pixel, namely 3 channels, as potential
cues for visual motion. Moreover, several spectral-dependent
factors including medium attenuation may justify the use of
color cues in underwater, calling for a physics-based approach
to optical flow analysis.

This paper explores a simplified underwater image forma-
tion model 1) to provide some preliminary insight on the infor-
mation encoded in various color channels, 2) draw some general
conclusions on the use of color and its various representations,
and 3) verify if the results are consistent with the experiments
with 7 sets of coral reef video recoded in relatively clear shal-
low waters of the Bahamas. These results suggest that optical
flow algorithms based on the HSV representation can provide
improved localization and accuracy.

|. BACKGROUND

However, a critical issue, when dealing with arbitrary sur-
face topographies, is the localization accuracy which @an b
compromised by excessive smoothing. In fact, most such
algorithms tradeoff accuracy with respect to high-freaquyen
variations in the optical flow, due to sharp surface variatjo
against immunity to image noise, digitization error, inacc
racy in gradient estimation by the application of finite eliff
ence methods, etc. Loss of high-frequency variations tkefea
the purpose of high-resolution close-range seafloor ingagin
for 2-D and 3-D mapping, as well as other application that
rely on the estimation of accurate 2-D and 3-D motion.

This study explores the robust computation of optical flow
by the application of multiple constraints at each pixefdzh
on the information in color imagery. More precisely, instea
of utilizing several constraints from a local region, we \ebu
exploit constraints from the three channels at each pixel,
which typically may have different and independent noise
characteristics. As a result, integration of informatioonf
3 channels can provide more robust results even when the

The perceived motion of image brightness patterns, thgsa| cues may be correlated. Moreover, this enables us to
so-called optical flow [7], is the primary visual cue for 2-Diaye advantage of information redundancy without the need

and 3-D reconstruction from time-varying imagery. Receny,

theoretical developments of uncalibrated stereovisiore ha

compromise localization accuracy. Although it has been
concluded that there is little advantage in the use of cater i

provided a framework for the unified treatment of the moz, ery in land applications, several spectral-dependeturfa

tion and stereo problems, that is, the SFM and SFS proble

luding medium attenuation, may justify the use of color

[3]. In this framework, we can interpret stereo disparityda jmagery in underwater. In particular, the important issaes
thus compute it, as the optical flow (image displacement) begstigated in this paper can be summarized as follows:

tween the left and right images. Alternatively, optical flow
is the disparity map in a stereo system (with a differential e
baseline).

Typical obstacles in the accurate computation of optical
flow include uncontrolled lighting and shadows, insufficien
or weak texture, occlusion boundaries, camera noise, im-
age under-sampling, limited camera field of view, etc. Ad-
dressing these and other issues has been responsible for con
tinued research on the robust computation of optical flow;
e.g., relaxing the brightness constancy assumption [18], o
ented Gabor filters [1], treatment of multiple objects arsd di
continuities [2], etc. Additional challenges in processin
the underwater video imagery arise from the unigque imag-
ing conditions and natural scene characteristics: ill@anin
tion from artificial finite-energy sources that are instaltn
and move with submersible platforms in deep-water opera-
tions, medium attenuation, complex topographies of nhtura
objects, etc.
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Theoretical analysis of the brightness constancy as-
sumption in different channels of color images in the

presence of medium attenuation: A simplified under-

water image model is employed and the conclusions are
then compared with the same results obtained from a
variety of real images. This analysis provides an insight
on the irradiance component in each channel and how
this may vary with the movement of the camera;

Computation of optical flow based on the different color
representations, as well as gray-scale (intensity) chan-
nel, and comparison among the results;

Evaluation of robustness in optical flow computation by
varying the estimation window size.
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A. Optical Flow Computation from Color Imagery B. Underwater Image Modeling

The brightness constancy model (BCM) In relatively clear shallow waters (with natural lighting)
where scattering may be ignored, the image irradiance of a
€01 + eydy + e, = 0, (1) surface point? = [X, Y, Z] may be written [21]
a constraint between the optical flowx(dy) and spatio- E(P,A) = iop(X,Y)r(N)e ¢ e, (4)

temporal gradient e,e,.e;) of time-varying imagery

e(z,y,t), has been used extensively in the estimation of thehereR, = v/ X? 4 Y2 + Z2 is the distance of object point
image motion/disparity field for terrestrial applicatiofi.  from the camera) < p(X,Y) < 1 is the surface albedo,
However, this constraint alone is not sufficient to uniquely (X)) is the reflectance map()\) is water attenuation, ang
compute optical flow due to the aperture problem [6]; mathis the source intensity.

ematically, we have one constraint equation in 2 unknown§;. Generalized Dynamic Image Model

per pixel. Ideally, we need 2 or more independent conssaint |n underwater imagery, both shallow water and deep sea
ator around a small enough region around each pixel. For expplications, radiometric variations are induced by mediu
ample, one solution is to formulate a least-square problem kttenuation, surface wave effects (in shallow water) aed th
utilizing the constraints fronv pixels within a local region, source motion (in deep sea operations), leading to the vio-
to compute the displacement of the center pixel [8]. This amation of the BCM. The generalized dynamic image model
biguity is resolved in the estimation of disparities in aical (GDIM), with a multiplier fieldém,

brated stereo system, as the flow is constrained by the epipo-

lar geometry [5]. Still, the LSE formulation is suitable to x0T + e, 0y + e, — edm = 0, (5)
reduce sensitivity to camera noise, image quantizatiosenoi
guantization error in the estimation of image gradients by f
nite difference, etc. The region size establishes the toffde

between noise immunity and loss of accuracy (Iocallzatlongccounts for the brightness variation of a scene point in the

due to excessive smoothing. :
While only the image irradiance at each point can be o tey;cér:”ei\;v:l' but adds another unknown for a total of three at
tained from a gray-scale image, a color or multi-spectral im PIXEL.

age provides information on narrower bands within the visi- ||| THEORETICAL EVALUATION OF BRIGHTNESS
ble and invisible spectrum. Therefore, these images can po- VARIATION IN COLOR OPTICAL FLOW

tentially 1) improve the solution of the optical flow prob- In brocessing color images. BCM or GDIM mav be anpro-
lem, 2) overcome the aperture problem and (or) 3) reduce. pf 9 lar ch g I’ = | Y PP |
the region size in the LSE formulation (we now hau¥ briate for a particular channel. For example, we may employ

constraints, where is the number of channels). With color the HSV. representation. and assume “hue and saﬁuratipn con-

video, we can reduce the region size by 3 (to improve | s_tancily In tge left and right (téefore an;]d after mouohn) V|e\|/vs
o S ut allow radiometric variationm, in the intensity channel.

?ﬂ:ﬁﬁmirgnfor the same number of constraints in the LS his means that we havg three constraints in three unk_nowns
If R(z,y,t), L(\), and S;()) denote the spectral re- (633’.5%’ 5mV()j at each p'X?‘I' Wherﬁ tZe channelhgrahquents

el . : are independent, we can theoretically determine the three u
flectance of the imaged surface at piXel y) and timet, : . . A ;
the spectral power digtribution of the ?n)éiégr:t light rditia knowns at each point, without needing to utilize informatio

: : from the neighboring pixels. Alternatively, we may explore
?nnoddg}%?fﬁ:ﬁ;;fgggsfemﬁ:fnn of senstire reflectance application of the GDIM for each of th&,G, and B (or

“rgb”) channels. However, we now have 5 unknowns with
three equations at each pixel.
Ei(z,y,t) = / LN R(z,y,t, M) Si(A)dA, 2 In order to evaluate the significance ®fi term for each
A channel, a theoretical analysis is undertaken, by utdizive

From this, we can derive an analytical solution for optical?©de! in (4). Though this is a simplified model, the findings

flow based on the BCM model, with a minimum two different¢@n still provide us with some useful general conclusions.
sensor sensitivity functions;(\), i = 1,2. More generally, In partlcula_r, it is speculated (which remains to.be exmlpre
n Sensors give that scattering effects may vary slowly with motion, andsthu

remain relatively steady over nearby viewing positions.
elutelv+el =0 Replacing the brightness functioB{( P, \)) into (2), we
_"L Y @) can write

IJnas been shown as a viable constraint for the robust com-
putation of 2-D optical flow and 3-D camera motion from
nderwater gray-scale video [16, 17, 18]. The new tefm

Ei(z,y,t) = fA Er(P,)\)S;(N)dA
- fA iop(XvY)T(A)e_C()\)RCSi()‘)d)" (6)
iop(X,Y) [ T(A)em M Ee S5 (X)dA

n n n
e;u+eyvtel =0

Use of the multi-spectral images for optical flow computa-
tion was proposed in the 80's, but no result was reported _ . .
[13, 14, 20]. Improved optical flow computation was demon/Vheréi € {R, G, B} for RGB representation. Nowim is
strated in later work using two sensors, gray-scale CCD a

IR cameras, from the visible and infrared spectra [10]. Mor

Be rate of brightness (color) that can be computed from the
me derivative of (6):

recently, the use of different color spaces (RGB, HSV, and dE: 3 /OE: AU
rgb) has been compared, showing that the normalized “rgb” 2 Z <_2> <_J) , (7)
typically provide the best results for general motions [4]. dt < \oU; /) \ dt
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scene ‘ ‘ parameters are chosen such that the forward motion induces

o ° ] a maximum of 4-pixel displacement at the extreme ends.
€85y 1 To assess the magnitude of the multiplier term, we also
L. ‘ ‘ ‘ ‘ need to know the attenuation factor, the spectral refleetanc

map and the spectral sensitivity of camera for differenteha
nels. In real world, these parameters depend on the environ-
ment and the camera that is used. Here, we refer to published
data for underwater environments, underwater objectsaand
specific camera. The attenuation factar)), is computed
based on an empirical model given in [15] (fig. 1b),

attenuation factor

reflectnace map

¢(A) = (N)+[c(490) — ¢,y (490)] [1.563—1.149 x 1073)]

(11)
z ~ N ‘ ‘ ‘ ‘ . . -
£ KA e wherec,, is the attenuation coefficient for pure sea water,
B osr K ) | ~ be c(490) = 0.39C%57, and C is directly proportional to the
8 , ( ARV ‘ ‘ level of water turbidity. The spectral reflectance mép) is
o assumed based on the measurements that have been made for

the coral reef objects with a DiveSpec [11] (fig. 1c), and the
F|gure 1: Top to bottom: scene prof”e attenuation fact(ﬁpectral SenSItIVIty of the camera is that of Kodak DCS200

with 2 levels of turbidity, reflectance map, and the spectrdfig- 1d).

sensitivity of the assumed camera for analytical study. Itis noted that the mathematical expressionwf can be
derived for other color representations with minor changes

Accordingly, we compute the brightness/color variatioo+ fa

whereU; = {X(t), Y (t), Z(t)}. We have tor for RGB, HSV and rg\! representations, and for two
type of waters, low turbidityC = 0.05 and high turbidity
257 _ (88%> (dd—Uj) + (ggi) (jﬁ; C = 2.0. Now, though the scattering effects may become
' N P [ enrne=ORes,(Nax ¢ significant for a higher turbidity, resulting in deviatioirs
= (j) (ﬁ) - = T e— (IR 5, (N d Ei 7= the assumed model, it is still informative to investigatevho
A R @ (s e sensitive are the model and the general conclusions to the
_ (1&_& cNr(Ne SW‘”&) turbidity level.
pdlUs [ rVemeMRes;()dx - e The results, depicted in fig. 2, and table 1, lead to these
: . L (8)  conclusions:
Applying these partial derivatives to (7), we come up with
om for channelE; * RGB representation:
om; = é dhe (j§ ax + ay d—Y)— 1. om¢g anddmp vary more significantly thatim g,
J, cOr(e LR, (A)dA iy, gz ()] with variation in turbidity (one order of magni-
R fA Ye—e(MRe S, (X) ( + r ) tude);

2. Depth discontinuities is more evident in the red
channel R), but becomes less significant with in-
creased turbidity.

The color representation is assumed to be RGB, but the for-
mulation can also be modified for the other representations,
HSV, normalized RGB (rgb), etc.

In order to quantify these results, a scene model, medium
spectral attenuation function, reflectance map, sensar spe
tral sensitivity function, and camera motion are necessary
To simplify the analysis, we consider only one single scan

e HSV representation;

1. 0my is not significant, compared témg and

. . A . . omy;

line of the image, corresponding to a one-dimensional sur- mv _ _

face profile. This is sufficient to explore how a step change 2. 6mp anddmg are relatively independent of tur-
on the surface affects the visual information in variousneha bidity level, butdm;, increases with turbidity;

nels. Furthermore, we assume that the camera moves for-
ward toward the scene, corresponding to an irradiance gain
over the entire scan line. Now, as we are interested in the
variation in brightness/color, we simplify (1) for this eas

3. Scene discontinuity is more evident in the hue and
saturation channels.

e rgV representation:

R 2z Jy T VS, (A 1. ém,, is insignificant;
om; = _( Rcz) Af (Ve cOVRe S, (N)dr (10) - O J L _ .
. 2. ém, anddm, are relatively independent of turbid-

wheret; is the forward motion component. ity level;

A. Computer Simulation 3. Scene discontinuity is more evidentgirchannel.

Without loss of gen_erality, we lef, = 6" as init_ia| dis- 1\We have chosen rgV in place of commonly used rg, to include the in
tance to the scene with a 1’ step change; see fig. 1a. Th#sity channel corresponding to gray-scale imagery.
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Hémy  Héms  Hémg Hémy  Héms  Hémg
O5m, O5mo O5ms O5m, T5moy O5ms3
RGB -0.05 -0.02 -0.01 -0.12 -0.09 -0.09
0.00 0.00 0.00 0.00 0.00 0.00
HSV 0.01 0.03 -0.02 0.01 0.04 -0.10
0.00 0.01 o0.00 0.00 0.01 o0.00
gV -0.03 0.00 -0.02 -0.02 0.01 -0.10

0.00 0.00 0.00 0.00 0.00 0.00

Table 1: Mean and std of radiometric fielgh in the simula-
tion study.

The simulation results allows us to quantify:, average
size ofom in each channel for the three representations, and
the effects of depth discontinuity or sharp variations. He t
next section, we apply the generalized dynamic image model
in (5) in estimating the optical flow antdn for 7 pairs of real
underwater images with varying conditions of the medium,
illumination and scene structure. The results of these com-
putations are compared to those based on the model in (9).

B. Real Data

The optical flow andm were computed for a consecutive
pair from 7 sets of video images from shallow coral reef in
the Bahamas; sample images depicted in table 2. Care was
taken in choosing pairs with a dominantly forward motion,
in consistency with the theoretical analysis. Table 2 summa
rizes the result of the estimation process in the form of mean
and standard deviation éfn. over the image.

Analyzing the results, the following observations can be
made:

e dmpg,0mg, anddmp channels are almost the same;
e dmy is not significant;

e dmg is smaller thadm, and both are insignificant com-
pared todmy .

Comparing tables 1 and 2, discrepancies are noted (and ex-
pected) in that the simulated data uses a specific camera
model, target reflectance pattern, medium conditions, came
motion and a simple scene geometry. However, the analytical
evaluation of the brightness variation facten, for different
channels provides a rough estimate (order) of the magnitude
for real data. One can also see thaty is smaller than the
other two for HSV representation, as concluded from ana-
Iytical study (Table 1). One may expect to arrive at more
consistent conclusions with (1) a more complete underwater
image formation model in (4), e.g., including the scattgrin
effects [19], and (2) comparable values of attenuationfeoef
cient, spectral reflectance map and sensor spectral séwsiti

Figure 2: Simulation results; image brightness of variout0 those for real data.

channels for RGB, HSV and rgV representation with low tur-
bidity (left column) and high turbidity (right column).

We can compare the tabulated results for the simulated
and real data more directly in fig. 3, where the dashed line
showsys,, for the simulation case, while the solid lines rep-
resentus,, + 2.504,, for various real data sets. As can be
seen, the analytical value falls within the range for redhda
providing a reason order of magnitude estimate.

IV. EMPIRICAL EVALUATION OF
COLOR OPTICAL FLOW
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color

image Homq,  Héma  Hémsg
rep. O5m, O5mo O§ms
RGB -0.013 -0.012 -0.016
image 1 0.011 0.008 0.012
HSV -0.004 -0.021 -0.009
0.013 0.021 0.008
rgVv -0.000 -0.001 -0.012
0.004 0.003 0.009
RGB -0.013 -0.011 -0.014
0.011 0.007 0.009
HSV -0.004 -0.023 -0.009
0.012 0.026 0.007
rgV 0.001 -0.000 -0.012
0.005 0.004 0.008
RGB -0.033 -0.029 -0.034
image 3 0.017 0.011 0.014
HSV -0.009 -0.027 -0.027
0.022 0.029 0.011
rgVv 0.001 -0.000 -0.031
0.006 0.004 0.013
RGB -0.012 -0.006 -0.008
0.018 0.015 0.018
HSV -0.002 -0.026 -0.005
0.031 0.049 0.015
rgVv -0.005 0.001 -0.007
0.006 0.005 0.016
RGB -0.028 -0.011 -0.016
image 5 0.023 0.015 0.015
HSV -0.003 -0.017 -0.009
0.009 0.023 0.015
rgVv -0.005 0.000 -0.014
0.009 0.005 0.015
RGB -0.047 -0.031 -0.032
mage 6 0.045 0.027 0.027
HSV -0.001 -0.028 -0.027
0.009 0.024 0.026
rgVv -0.001 -0.003 -0.032
0.016 0.006 0.029
RGB -0.044 -0.019 -0.023
0.027 0.024 0.027
HSV 0.001 -0.016 -0.013
0.005 0.017 0.017
rgVv -0.008 -0.001 -0.024
0.012 0.005 0.026

Red Green Blue
0.05 0.04 0.04
0.02 0.02

-002f — =TT T T -0.02
-0.04 -0.04
-0.1 -0.06 -0.06
-0.08 -0.08

0.05 0.05 0.02

of--------- 002 - — - - - ————
-0.05 -0.04
-0.06
-0.08

2 4 6 2 4 6 2 4 6
Normalized Red Normalized Green Intensity

-0.05 -0.1

o2y /1 kE-o_-_-_-_-____|

-0.02 -0.01

2 4 6 2 4 6 2 4 6
image pair number image pair number image pair number

Figure 3: Comparison of simulated scene and real images.
The dashed line shows;,,, of each channel from analytical
model. The solid lines represen,,, + 2.505,, for various
data sets.

So far, 1) we have utilized a model for the brightness vari-
ationdm for the channels in various color representations, to
estimate the significance of this factor in optical flow estim
tion from color imagery; investigated consistency withl rea
data in terms of the (order of) magnitude. The balance of the
paper deals with the optical flow, and its robust computation
The same 7 pairs of real images are used to compare the per-
formance of optical flow algorithm for color and gray-scale
images, and various color representations. In the absénce o
ground-truth for optical flow components, the emphasis is
on therobustnessas becomes evident. More precisely, the
size of the computation window [9], controlling the imposed
degree of smoothness in the optical flow field, becomes of
great importance. The main question is: What is the opti-
cal flow variations of a representative pixel whose surreund
ing points have almost the same depth and motion, as we
vary the window size? Therefore, the behavior of the optical
flow for varying window sizes is used to assess the accuracy
and stability of each method. In particular, does a pardicul
method stands out that generally gives robust estimated? An
if so, can we expect accurate enough results to achieve good
localization by reducing the window size (for maintaining
the high frequency variations over regions with sharp topo-
graphical changes)? In addressing these questions, we first
select a representative point (marked by a small square-in Ta
ble 2: One that has 1) a relatively similar flow compared to its
neighborhood; 2) roughly the same robustness charaaterist
as the average taken over the entire image. The optical flow
is estimated for different representations of color imeayas$
for intensity channel (gray-scale). The window size ise@ri
from 2x2 to 11x11, where the upper limit is established by

Table 2: Mean and std over the entire image of the radiomejnalyzing the data for convergence (see below).

ric fields ¢m, dms anddmg) for each data set.

Figure 4 shows a summary of the results of optical flow
computations: Column 1 shows the magnitugéz? + §y?
of the optical flow of the selected point for various window
sizes. The result has been derived for gray-scale, RGB, HSV,
and rgV representations. As one notes, in all but one case, th
estimates converge to a similar solution for size 11— chosen
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data set

Kgray | HRGB | BHSV | HrgV may satisfy the brightness constancy assumption commonly
1 1.03 | 085 | 0.79 | 0.85 used in the processing of land images [1]. Next, robustness
2 057 | 0.47 0.35 | 0.45 and accuracy of optical flow was tackled by analyzing the re-
3 089 | 070 | 054 | 0.71 sults from 7 data sets, for various window sizes. Robustness
4 0611 051 | 041 | 052 for small window sizes translates to more efficient process-
5 101 083 | 075 | 0.79 ing and better localization accuracy over surface regidtis w

. : . . sharp topographical variations. The results of this stugly s

6 120 | 080 | 0.73 | 0.70 gest the advantage in the use of underwater color imagery
’ 093 | 079 | 054 | 0.74 for optical flow computations, and particularly the HSV rep-

) ] resentation appears to provide superior estimates. Bstima
Table 3: For the 7 data sets, average normalized differencefyy the smallest window size of 2x2 was evaluated in details.
optical flow magnitudes for window sizes 2 and 11 (scaled byhis provides 12 constraints (3 channels for 4 points) on a
average flow over the image in each case) have been calenaximum of 5 unknowns, 2 optical flow components and
lated from the histogram of the errors given in the last columdm for the 3 channels. The unknowns may be reduced by
of fig. 4. eliminatingdm g, which was shown to be insignificant based
on the analytical and empirical results.

as the limit for this study. However, while the performante o ) o Acknowledgement )
various methods are comparable for larger window sizes (re- This article is based upon work supported by the Office of
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Figure 4: The result of optical flow computation on 7 pairs edirimages including: optical flow magnitude for different
window sizes (1 column), optical flow field with window size of 2 based on HSV*{Zolumn), and the same based on
just intensity (3¢ column), histogram of the the difference between optical fleagnitudes for window size of 11 and 2
computed for all the points {4 column).
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