Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

The public reporting burden for this collection of intormation is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathening and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of
mformation. including suggestions for reducing the burden, to the Department of Defense, Executive Services and Communications Directorete {0704-0188). Respondents should be aware
that notwithstanding any other provision of law, no person shall be subject to eny penalty for failing to comply with e collection of information if it does not displey e currently velid OMB
control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ORGANIZATION.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
14-01-2010 Confcrence Proceeding
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Limiting factors in Underwater Imaging Applications

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
0602782N

6. AUTHOR(S) 65d. PROJECT NUMBER
Weilin Hou, Alan Weidemann

6e. TASK NUMBER

5f. WORK UNIT NUMBER
73-6369-09-5

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION

Naval Research Laboratory REPORT NUMIBER

Occanography Division NRL/PP/7330-09-9289

Stennis Space Center, MS 39529-5004

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

Office of Naval Research ONR

800 N. Quincy St.

Arlington, VA 22217-5660 11. SPONSOR/MONITOR'S REPORT
NUMBERI(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release, distribution is unlimited.

20100121306

14. ABSTRACT

Applications of a simple underwater imaging model (SUIM) are presented, which help to identify limiting factors in conventional
underwater imaging applications, such as diver visibility. The model includes the effects of scattering caused by particles as well as
turbulent flow structure. The effect of path radiance is also discussed.

15. SUBJECT TERMS
stmplc underwater imaging modcl, OTF, point sprcad function

16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER |19a. NAME OF RESPONSIBLE PERSON

a. REPORT | b, ABSTRACT | c. THIS PAGE ABSTRACT g;GES Deric Gray

(P e, Ty~ cci e TnolsEs UL : 19b. TELEPHONE NUMBER (/nciude area code)
Unclasstfied | Unclasstfied | Unclassified I 228 -GRR. 4237

Standard Form 298 (Rev. 8/98)

Prescribed by ANSI Std. Z39.18




! -

PUBLICAT|ON OR PRESENTAT|ON RELEASE REQUEST Pubkey: 6223 NRLINST 5600.2
1. REFERENCES AND ENC : OF PUBLICAT SENTATION |3 ADMINISTRATIVE INFORMATION

Y Abstae only. ot pulblished I‘.STRN NRLPP930-00- 989

) Book chaptor
X ) Conference Proceedings Route Sheet No. 7330/

) Absract nly, pub\ised -
) Book

Ref: (a) NRL instruction 5600.2
(b) NRL Instruction 5510.40D

s o o~
s

) Conference Proceedings

(refereed) (not refereed) Job Order No.  73-6369-09-5
Encl: (1) Two copies of subject paper ) Invited speaker ()Multimedia report Classification X U c
(or abstract) ) Journal article (refereed) g ) Journal article (not refereed) Sponsor  ONR
) Oral Presentation, published ) Oral Presentation, not published

approval obtained yes X no

) Other, explain

(
{
(
{

4. AUTHOR S b i il

Title of Paper or Presentation
Limiting Factors in Underwater Imaging Applications

Author(s) Name(s) (First, Ml,Last), Code, Affiliation if not NRL

Weilin Hou, Aian D. Weidemann

ltis intended to offer this paper to the ONW'2009 Conference
(Name of Conference)
08- SEP - 12- SEP- 09, St Petersburg, Russia, Unclassified

(Date, Place and Classification of Conference)

and/or for publication in  ONW'2009 Conference, Unclassified

(Name and Classification of Publication) (Name of Publisher)
After presentation or publication, pertinent publication/presentation data will be entered in the publications data base, in accordance
with reference (a).

Itis the opinion of the author that the subject paper (is ) (is not X) classified, in accordance with reference (b).
This paper does not violate any disclosure of trade secrets or suggestions of outside individuals or concerns which have been
communicated to the Laboratory in confidence. This paper (does ) (does not X) contain any militarily critical technology
This subject paper (has ) (has never _X ) been incorporated in an official NRL Report.
Weilin Hou, 7334 ¢ — / ‘(_/(,u: <N\
Name and Code (Principal Author) (Signarture)

5. ROUTING/APPROVAL gﬂ" A b .

CODE COMMENTS

Author(s) )i L £ Inesany_ S Secl £
/'J,'J."’ e : L\,_M-.__ 7///7-:¢7,

Publicly accessible sources used for this publication

Section Head A 4 )
el l i § i be 2 Sy g L"P‘(.' . g

Branch Head 5

Robert A Arnone, 7330 é 6(_/1.,4_, e O U
Division Head - 1. Release of this paper is approved.
2. To the best knowledge of this Division, the
subject matter of this paper(has ____ )
Ruth H. Preller, 7300 (has never __X_ ) been classified.
Security, Code

1226

Office of Counsel,Code & '
1008.3 Nee ) / ?

1. Paper or abstract was released

2. A copy is filed in this office 6 54 )J;//_,

ADOR/Director NCST
E. R. Franchi, 7000

Public Affairs (Unclassified/ v,/ 2 /. Y S
Unlimited Only), Code 7030 4 ol s {/
2 L 1

Division, Code

Author, Code

HQ-NRL 5511/6 (Rev. 12-98) (e) THIS FORM CANCELS AND SUPERSEDES ALL PREVIOUS VERSIONS




Y

{ Abstract only. net publishad STRN NRLOD}
Ref. (a) NRL Instruction 5600.2 \2 i { Book chapler Routs éﬁw No 7%%%}09‘91&9-———
(b) NRL Instruction 551040D  |( ) Conference Praceadings X ) Confarsnce Proceedings ' s
[ (raforeed) (not refareed) |Job Order No,  73-6368-09-5
Encl: (1) Two copies of subject paper 13 ;desmel(' — & ) mma raport | Classtfication X U G
bstract oumn e (re articdle (not refereed | -
(orsbelact) |l el Prasortation, published | | Ovel Prosctaton tor miihed | SPonser ONR_Baac 6T
() Other, explain |approvaiobtalned __ yes X no
Title of Paper or. Pregentation
Limiting Factore In Underwater imaging Applications
Author(s) Name(s) (First. Mi,Last), Code, Afffiation f not NRL
Wellln Hou, Alan D. Weldamann
itis intended to offer this paper to the _ONW'2009 Conference
(Nama of Conferance)

08- SEP - 12- SEP- 09, St Petersburg, Russia, Unclassified
(Date, Place and Classtfication of Confersnce)

and/or for pubiication in ONW2009 Conforanca, Unclasslified
(Name and Classification of Publication) {Name of Publisher)

After presentation or publication, pertinent publication/presentation data will be antered in the publications data basa, in accordanca
with reference (a).

It is the opinion of the author that the subjact paper (is ) (is not X) classified, in accordance with reference (b).

This paper does not violate any disclosure of trade secrets or suggestions of outside Individuais or concems which have been
communicated to the Labaratory in confidence. This paper (does ) (does not ___ X) contain any militarity critical technalogy.
This subject paper (has ) (has never _X__) been incorporated in an officiai NRL Report.

i
e 8. Yy S, 5 i e
Name and Code (Principal Author) (Sig )
D SIGNA ) A OMMEN
Author(s) Tl ' 2 { / / Noodby_ AL Sl 07
ou ~ ] 200 ]
I — é ) Publicty accassidle sources used for this publication
L This is a Final Securit
) . i . Any gﬂanges made in the documen
—Section Hedd - i arteT3appTeved by Gode 1226
lQﬁ‘dL mns) %&m 7,75/?} nullify the Security Review

Branch Head

Robert A Arnone, 7330 lemmen .
; 1. Rewnase of this is d.
Divislon Head 2 To Bhg Bost Knowledge of Bis Divislon, the
subject matter of this paper (has ___ )
Ruth H. Prellsr, 7300 2 d‘i (has never _ X_ ) boen classified.
Sécunty, Code T = 5 [1. Papar or abstract was reloased.
1226 \'7 2. A copy s fhed In this office. ééé&#,ﬁ
“Office of Counsel.Code | »
1008.3

i A_DWDFEECFN_C:_ST TR Personally identifying photos may not be posted to

publicly aceessible DON websltes per SECNAVINST
5720478, enel. (1): 3.¢.(2) & 3.c.(4).

Public Aftalrs (Unclassified/ S 7 g g o
Unlimited Only), Code 70 4 ; /AL¢51/C' Z})L 47‘01 7/{7; 4 Ael Enacl
Divialon, Code

Author, Code ’ /\
HQ-NRL 5511/6 (Rev. 12-98) {a)

THIS FORM CANCELS AND SUPERSEDES ALL PREVIOUS VERSIONS

E. R. Franchl, 7000

\




w € / (N
V International Conference

CURRENT PROBLEMS
IN OPTICS OF NATURAL WATERS

(ONW'2009)

St-Petersburg, Russia, September 8 - 11, 2009

PROCEEDINGS

Nizhny Novgorod, 2009




LIMITING FACTORS IN UNDERWATER IMAGING APPLICATIONS

W. Hou, A.D. Weidemann
Naval Rescarch Laboratory, Stennis Space Center, MS 39529, USA, hou@nrissc.navy.mil

1. Background

Underwater vision and diver visibility is one of the key rescarch nd application topics dating back at
least 150 years, when the Secchi disk was believed first put to use to estimate the turbidity of the occan and
lake waters. If' is well known that the light atlenuation effect of the water, both absorption but more
importantly scattcring, contributes to the degradation of image transmission. In general, scattering propertics
of the mcdium detcrmiine the outcome of the image transmission. In ocean and lake environments, such
propertics are conveniently described and measured by the scattering coefTicient (b), which deterimines the
probability that a photon will be scattered away from its original traveling direction per unit length by the
medium molccules, constitucnts within the medium (i.e. particles), and turbulence [1]. The scattering
parameter (b) is an integration of the volume scattering or phase function, 3, which details such probabilities
by the relative directions of incoming and out-going photons.

The point spread function (PSF) provides a more intuitive and direct measure of the immaging outcome.
It gives the system response to a point source, and thus includes the effcct of multiple scattering. It is the
paramctcr of choice to study image transniission, optical sounding [2], and retrieval of optical propertics [3].
Its Fourier transform, the Optical Transfer Function (OTF), is also widely used and at times considered
interchangeable with the PSF. The magnitude of the OTF, the modulation transfer function (MTF), is
sufficicnt for incohcrent imaging purposes when phasc infonnation can be ncglected.

The system response includes those from the imaging system itself, as well a< the effects of the medium
(water in our case). With known characteristics of the imaging system and correct modeling of the medium,
theoretically it is possible to fully recover the original signal by reversion or dcconvolution [4).
Mathcinatically PSF is equivalent to thc beam spread function (BSF) [S] which ean be modeled and
measured more easily. It is apparent that with the knowledge of formed image and PSF, the original image
can be restored, especially when the noise can be reduced with improved system setup or optimization [6].
Additionally, with the knowledge of the PSF, one can easily simulate the system outcome. This is valuablc to
system design, performance prediction, as well as underwatcr scenc simulations, as it is based on the
accuracy of the physical model of the system (medium included). Different models of PSF that are based
on particulate scaticring have been examined and compared [7]. The results show that 3 commonly
used inhcrent optical propertics (IOP) should be used in order to adequately describe the imaging transfer
through the water. However, the variations of signal due to index of refraction changes in water are not
accounted for.

2. SUIM: simple underwater imaging modcl

A simple undcrwater imaging model (SUIM) has becn developed [8]. to investigate the relative
contribntion of particle and turbulence scattering on undcrwater imaging and transmission. The key steps
will be outlined briefly for the convenience of the readers.

Results developed in previous atmosphere research [9-12] are used with modifications to reflect in-
water optical conditions. Optical turbulcnce in the occan is priwnarily causcd by index of refraction (IOR)
variation as functions of temperature and salinity, compared to density variations found in the atmosphere. It
has been shown that IOR fluctuations can be expressed as linear combinations of individual elements, both in
tertis of power spectrum and structure functions [13]. Following the Kolmogorov madc! {9], for a fully
developed turbulent flow, under the inertial or convective regime, 2n/Ly < x < 2n/ly (Lo and /y denote outer
and inner scale respectively; x defines the wavenumber of eddies), the power spectral density of IOR of the
ocean waters over the imaging rangc (r) can be exprcssed in the forms of [13, 14)

O (x,r)=K,x"?, ()

where K; = Bixe™'”, and reflects the 3-dimensional optical turbulence strength. B, is a constant. ¢ is the
kinetic energy dissipation rate. y relates to the dissipation rate of temperature or salinity [14]. For simplicity
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but without losing gcocrality, one can assume only one factor dominates IOR fluctuations, although
observations suggest both can contribute simultaneously [15]. It is apparent the above has the usual

Kolmogorov form found in atmospberic studies [9—-] 1] as (D,'f (x,r) =0.033C3(r)x'"’3, where again the

superscript K denotes Kolmogorov spectruni. C,? is the structure constant of the IOR fluctuations in
atmosphere, which describes the optical turbulence strength at distance r from the pupil plane (i.e. intensity
of IOR fluctuations). We notice that K; is the equivalent of C,, by a constant. The above scalar relationship

implies that the turbulence in water can be considered statistically isotropic, homogenous, and wide-sense
stationary (WSS) such that spatnal autocorrelation function only depends on relative positions. We assume
this is truc at least in the imaging range.

It is commonly known that spatial coherence functions between optical fields of any two points can be
used to describe the irradiance distribution of the source image or object [11, 16]. For a time-varying
correlation function under WSS conditions, its enscinble avcrage can be related to the spatial phasc structure
function, such that the optical transfer function (OTF) of a general incoherent object can be expressed
following the approach by Fried [10, 12]. Consider that random phase changes of a wavefront can be
described independcently as a thin screcn which exists only when turbulence exists, the resting or averaging
OTF would be that of particles only. This assures lincarity of system componcnts, which allows the
application of the cascading of optical transfer functions in the frequency domain [16]. From this, we can
arrive at a simple underwater imaging equation accounts for particle [17], path radiancc and turbulence
scattering. in the forin:

OTF(y,r)

=O0TF(y,r) .0 OTF(y,r) ., OTF (y,r),, =

puh

——-(-—l --]ex —cr +br 17> ex ( -S 5”r) 7))
1+0)°F 1T | A

( 1 ) 1- g2 .
=| = = [eXpy=| e =B]| = ——= |+ S " |r
1+D 20,y

where 6 relates to mean scattering. ¢ is the beam attenuation coefficient. D is the pormalized radiance
received by the detector. The first term in the bracket reflects the effect of the path radiance [8). It is worth
pointing out that OTF,,, can take many different forms, depending how the scattering phase structure is

incorporated [7].

fotal

3. Application of SUIM

The simple underwater imaging model (SUIM), Eq. (2), accounts for particle, turbulcnce scattering as
well as path radiance effects in thc underwater environment. The primary aim of the modc! is to determine
the relative contributions which are essential in assessing limits of conventional passive systems under

different underwater conditions.
In an earlier study [18], the SUIM modcl was applied to diver visibility observations from scveral divers,
particle scattering only model. This model can also help to
explain the extremne turbulence situation obscrved by Gilbert and 5 I I I . l
sandard USAF 1951 resolution chart, which is shown in Fig. 1. IH =2
The chart uscs black and white bar patterns of horizontal and 3 ___, I I I ||l = 3
oy M=
the number of line pairs per mm (Table 1). If one converts ‘
USAF line pairs to spatial frequencies, the first blurred line 4
5

-—

range. Applying Eq. (2) with Ry~ 0. 0005 ¢~ 0.3 m"' which is ey I" —

the likely valucs in such waters (€ = 10>, x = 10™""), one can g — ”I | ' l ! |
sec the total contrast easily decreases to <2 % within 1.3 m - e
range (an 2), which explains the complete dlsappearance of the Fig. 1. Standard USAF 1951 chart. Each
group in the USAF chart obscrved at such short distance [15].  group consists  of different  elements,
From Eq(2) and Fig. 2, it becomes apparent why Mertens  corresponding to different spatial frequencies
reported no frequency higher than | cyc/mrad observed in the  denoted by number of line pairs per am.

and used to explain discrepancies between observations and the |
Honey [15]. Onc of the targets used in thcir experiment is the
vertical orientations at different spatial’ frequcncics denoted by L H
.lll <
. =X — 5
= Il =¥ws W23
pairs, group —1, element 1, correspond to 650 cyc/rad at 1.3 m




field, which puzzled Duntley [19], as at such high spatial frequency (~10° cyc/rad), the relative contras
decreases rather rapidly towards zero.

&o’"ﬁ«: ~

Table 1. USAF resolution chart, showing number of line pairs per mm of different groups and elentents. Notice th
spatial frequencies of first 4 elements of groups -2 to 1 at distance 1.3 m are shown in bracketed valucs

r - Numberoflmcpau‘sps,rmm(USAF 1951)

Ele}ﬁgr]t\croup# '—-5-" e 0 ! J 2 | 3 | 4
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The SUIM helps to assess the limitations of underwaler imaging contribulions by particles, turbulen
and ambicnt illumination observed. It is important to obscrve the differences between particle and turbulen
effeets on underwater imaging, as shown by Fig. 2. While turbulence scattering can affect low frequen
components, especially over longer range, its primary impact is on high frequency or details, which diff
from that of particles. It is also worth mentioning that the current SUIM reflects the optical properties of 1
medium under incoherent cascs, although coherent cutoff frequency is often less {11], so it can be used a
crude estimate even under partial coherent sources. Naturally it can be applied directly for convention
imaging and especially diver visibility assuming passive conditions. It is apparent that the SUIM does i
include effects of backscattering, nor cascs with saturation which only further degrades MTF, although
first ordcr this can be ncglected since effects on all frequencies remain the samc. Necdless to say, it is s
directly applicable to active systems such as gated and modulated, although modifications can be made
reflect shorter integration time, to obtain systcm limitations similar to approach used in [12].

4. Summary

In this paper the relative contributions by both turbulence induced index of refraction variations as w
as particle scattering on imaging outcome in natural environments are examined, using the recer
developed SUIM model. Specifically, it is shown that by including turbulence effects which are based
Kolmogorov powcr spectrum, we are able to explain the blurring of resolution patterus in very short dista
in clean waters off the coast of Hawaii, observed by Gilbert and Honcy. Further validation of the theors
necessary, especially under diflerent turbulence conditions and particulate concentration. The applicat
range of the developed theory should also be tested, along with different turbulence models and subregime
o ety AR | "‘1I‘IT|— -"1--T U

1:]._5‘..| 1! z_..
10

Spatial frequency (cyc/rad)
Fig. 2. Relative contributions by particle and turbulence scattering on MTF under a condition similar to that of Ha

waters during Gilbert and Honey experiment (1972). Notice relative contrast drops to 2% at spatial frequenc
650 cyc/rad.
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