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Abstract

The fluctuation of the water surface causes refractive
distortions that severely downgrade the image of an under-
water scene. Here, we present the distortion-guided net-
work (DG-Net) for restoring distortion-free underwater im-
ages. The key idea is to use a distortion map to guide net-
work training. The distortion map models the pixel dis-
placement caused by water refraction. We first use a physi-
cally constrained convolutional network to estimate the dis-
tortion map from the refracted image. We then use a gen-
erative adversarial network guided by the distortion map to
restore the sharp distortion-free image. Since the distortion
map indicates correspondences between the distorted image
and the distortion-free one, it guides the network to make
better predictions. We evaluate our network on several real
and synthetic underwater image datasets and show that it
out-performs the state-of-the-art algorithms, especially in
presence of large distortions. We also show results of com-
plex scenarios, including outdoor swimming pool images
captured by drone and indoor aquarium images taken by
cellphone camera.

1. Introduction
Underwater scenes, when observed in air, suffer from

strong distortion artifacts due to refraction caused by the
wavy water surface. Restoring the true underwater images
by removing the refractive distortions can benefit numerous
tasks in underwater exploration and outer-space expedition
(by extending to remove the atmospheric distortions).

However, it is non-trivial to remove the refractive distor-
tions because 1) the geometric deformations are highly non-
rigid and discontinuous due to the non-linear light trans-
port through the wavy water surface, and 2) fast-evolving
waves also cause blurriness in the image. Classical ap-
proaches usually take a long sequence of images (or video)
of a static underwater scene, and rely on the mean/median
images [31, 30] or the “lucky patch” [16, 14], which hap-
pens to be free from distortion in a certain frame, to restore
the latent distortion-free image. As these methods require

Figure 1. We design a physics-based distortion-guided network for
underwater image correction. Our method predicts the distortion-
free image, given three distorted underwater images.

video input of a static scene, they cannot be used for images
captured on a moving platform (for example, an underwater
vehicle). The seminal work of [34] presents a model-based
tracking method to undistort underwater images. But their
parametric model cannot be easily tuned and applied to arbi-
trary waves. Most recently, Li et al. [28] propose a learning-
based method to correct refractive distortions using a sin-
gle image. This work demonstrates great potential of using
deep neural networks to tackle the challenging problem of
refractive distortion removal. But this network does not ac-
count for physical constraints and requires a large training
set (over 300k images from the ImageNet [10]).

In this paper, we present the distortion-guided network
(DG-Net) for restoring distortion-free underwater images.
The key idea is to use a distortion map to guide network
training. The distortion map models the pixel displace-
ment caused water refraction. As the distortion map reveals
correspondences between the distorted and distortion-free
images, we can use it to guide the network to make bet-
ter predictions. We first use convolutional neural network
(CNN) to estimate the distortion map from the refracted im-
age. Specifically, we design training losses that follow the
physical model of refractive distortions. We also exploit the
temporal consistency of the distortion map by taking three
sequential images as input. We use three parallel CNNs
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Figure 2. The overall architecture of DG-Net. It consists of two subnets: a convolutional network for estimating the refractive distortions
(Dis-Net) and a distortion-guided generative adversarial network for restoring the distortion-free image (DG-GAN). Note that we have
three CNN networks in Dis-Net which takes each of three inputs. The generator and discriminator of DG-GAN are represented by G and
D, respectively. F and B denotes forward and backward mapping of images.

to generalize features from each input, and then use recur-
rent layers to refine the CNN-predicted distortion maps by
enforcing the temporal consistency among them. We can
use the estimated distortion map to correct slight refrac-
tive distortions. Since large distortion are non-invertible
(due to many-to-one mapping), we then use a distortion-
guided generative adversarial network (GAN) to recover
sharp distortion-free image. The distortion map is used to
guide the training of both generator and discriminator of the
GAN. Our network is trained on a synthetic refracted image
dataset, with patterns that resemble the underwater scenes.

We evaluate the DG-Net on our own synthetic dataset
and several real captured underwater image datasets [24,
33, 34]. The results show that our method out-performs the
state-of-the-arts [23, 24, 28, 30, 34], especially in presence
of large distortions. Compared with the model-based meth-
ods [24, 34, 30], we do not need long video sequence of a
static underwater scene to achieve accurate reconstruction.
Although we still take three images to exploit the temporal
constraints, the images can be captured with the burst mode
in a very short time interval. Our method can therefore be
used for dynamic scenes such as videos from a flying drone
and videos of aquatic scenes with moving objects. Com-
pared with the learning-based methods [23, 28], our net-
work requires fewer training data (around one tenth in size),
but achieves better accuracy in presence of large distortions
and generalizes well on real scenes.

2. Related Work
Recovering underwater images. The problem of recov-
ering faithful underwater images is critical to underwater
imaging. Early solutions [14, 27] take the mean/median
of a distorted image sequence to approximate the latent
distortion-free image. Although these methods work well
on weak distortions, the mean image becomes blurry in

presence of large distortions. Another popular class of
methods rely on finding and stitching the “lucky patches”
to recover the latent distortion-free image. Many solu-
tions such as clustering [11, 12], manifold embedding [14],
and Fourier-based averaging [39] are proposed to locate the
“lucky patch” in the input sequence. The seminal work of
[34, 35] presents a model-based tracking method to restore
underwater images. Oreifej et al. [30] propose a two-step
algorithm that first iteratively aligns the distorted images to
the mean image and then denoises the estimation with low-
rank constraint. More recently, James et al. [24] propose
a compressed sensing (CS) solver for underwater image
restoration by tracking a few salient feature points across
the frames of a video sequence of the submerged scene. All
these methods require a long sequence of distorted images
(∼60 to 100 frames) as input and cannot work for single or
few images. Li et al. [28] propose a generative adversarial
network to correct refractive distortions using a single im-
age. In this work, our proposed network consider the phys-
ical model of refractive distortions, and use the distortion
maps as training guidance. Our method can recover high
quality distortion-free image with three input images.

Estimating pixel displacement between images. The
problem of estimating pixel displacement has been ex-
tensive studied in motion/flow estimation. Most methods
[19, 2] in this category consider rigid motion and estimate
the displacement vectors through matched corresponding
features. Recent trend is to use deep neural networks
to tackle this problem. The FlowNet [5, 13, 29] is pro-
posed to estimate the shift between two consecutive images.
Kanazawa et al. [25] propose the WarpNet to match invari-
ant features between cross-category images. However, the
refractive distortions caused by wavy water is highly non-
rigid and it is difficult to find invariant features from the
distorted images. Xue et al. [41] adapt the classical opti-
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c al fl o w t o esti m at e s m all r efr a cti v e dist orti o ns c a us e d b y
h ot air or g as. I n t his w or k, w e pr o p os e a p h ysi c all y c o n-
str ai n e d c o n v ol uti o n al n et w or k wit h r e c urr e nt l a y ers t o es-
ti m at e l ar g e r efr a cti v e dist orti o ns c a us e d b y w a v y w at er.

I m a g e-t o-i m a g e g e n e r ati o n. T h e g e n er ati v e a d v ers ari al
n et w or ks ( G A Ns) [ 1 7 ] h a v e s h o w n gr e at s u c c ess i n s ol vi n g
i m a g e-t o-i m a g e g e n er ati o n pr o bl e ms, s u c h as i m a g e s u p er-
r es ol uti o n [4 0 , 4 , 4 5 , 3 8 ], d e n oisi n g [4 7 , 4 3 , 6 ], d e bl ur-
ri n g [2 6 , 4 6 ], i n p ai nti n g [9 , 3 7 ], et c . T h e k e y i d e a is t o
us e a n a d v ers ari al dis cri mi n at or n et w or k ( dis cri mi n at or) t o
pit a g ai nst t h e g e n er ati v e n et w or k ( g e n er at or) a n d f or c e t h e
g e n er at or t o pr o d u c e r e alisti c i m a g es. M ost e xisti n g G A Ns
ar e tr ai n e d wit h i m a g es of n at ur al s c e n es [ 2 8 , 3 , 4 2 , 8 ] or
h u m a n f a c es [ 4 4 , 3 6 , 2 0 ], a n d us u all y is tr ai n e d o n a l ar g e
d at as et ( wit h milli o ns of i m a g es). I n c o ntr ast, o ur G A N is
tr ai n e d wit h p att er ns t h at r es e m bl e t h e u n d er w at er e n vir o n-
m e nt. I n a d diti o n, w e us e t h e r efr a cti v e dist orti o ns t o g ui d e
t h e tr ai ni n g of b ot h g e n er at or a n d dis cri mi n at or. As r es ult,
o ur n et w or k r e q uir es f e w er tr ai ni n g d at a ( ∼ 5 0 k i m a g es),
b ut c a n a c hi e v e b ett er a c c ur a c y.

3. P r o p os e d M et h o d

We c o nsi d er t h e s etti n g t h at a c a m er a is l o o ki n g at t h e
u n d er w at er s c e n e t hr o u g h t h e w a v y w at er s urf a c e. T h e c a p-
t ur e d i m a g es t h er ef or e s uff er fr o m r efr a cti v e dist orti o ns.
Ass u m e J is t h e tr u e i m a g e of t h e u n d er w at er s c e n e u n-
aff e ct e d b y t h e w at er w a v es, o ur g o al is t o esti m at e a
dist orti o n-fr e e i m a g e Ĵ t h at a p p e ars cl os e t o J fr o m t h e c a p-
t ur e d dist ort e d i m a g es I .

We pr o p os e a dist orti o n- g ui d e d n et w or k ( D G- N et) t o
t a c kl e t his pr o bl e m. S p e ci fi c all y, gr o u n d tr ut h dist orti o n
m a ps ar e us e d t o g ui d e t h e tr ai ni n g of o ur n et w or ks. T h e
o v er all str u ct ur e of o ur n et w or k is s h o w n i n Fi g. 2 . O ur D G-
N et h as t w o s u b n ets: a c o n v ol uti o n al n et w or k f or esti m at-
i n g t h e r efr a cti v e dist orti o ns ( S e cti o n 3. 1 ) a n d a dist orti o n-
g ui d e d g e n er ati v e a d v ers ari al n et w or k f or r est ori n g t h e
dist orti o n-fr e e i m a g e ( S e cti o n 3. 2 ). T h e t w o s u b n ets ar e
tr ai n e d s e p ar at el y. N oti c e t h at alt h o u g h o ur n et w or k t a k es
t hr e e s e q u e nti al i m a g es { I t } 3

t = 1 as i n p ut, w e o nl y o ut p ut
o n e dist orti o n-fr e e i m a g e f or t h e l ast fr a m e ( I 3 ). T h e first
t w o fr a m es ar e us e d f or e nf or ci n g t h e t e m p or al c o nsist e n c y
of o ur dist orti o n esti m ati o n. U nli k e cl assi c al m et h o ds t h at
r e q uir e a vi d e o of st ati c s c e n e, o ur m et h o d c a n b e us e d f or
m o vi n g s c e n es as t h e t hr e e s e q u e nti al i m a g es c a n b e c a p-
t ur e d wit h t h e b urst m o d e i n a v er y s h ort ti m e i nt er v al.

3. 1. Dist o rti o n Esti m ati o n

We first us e a dist orti o n esti m ati o n n et w or k ( Dis- N et) t o
pr e di ct t h e dist orti o n m a p b et w e e n t h e i n p ut dist ort e d i m a g e
a n d t h e l at e nt dist orti o n-fr e e i m a g e. O ur Dis- N et c o nsi d ers
t h e p h ysi c al m o d el of r efr a cti v e dist orti o ns a n d us e t e m p o-
r al c o nstr ai nts t o i m pr o v e t h e esti m ati o n a c c ur a c y.

Fi g ur e 3. Ill ustr ati o n of r efr a cti v e dist orti o n. I a n d J ar e dis-
t ort e d a n d dist orti o n-fr e e i m a g es r es p e cti v el y; p 1 , q 1 a n d p 2 , q 2

ar e t w o p airs of c orr es p o n di n g pi x els; h 0 is t h e a v er a g e w at er s ur-
f a c e h ei g ht, a n d h 1 is t h e h ei g ht at t h e pi x el p 1 ; n 1 a n d n 2 ar e
n or m al v e ct ors; w 1 a n d w 2 ar e dist orti o n v e ct ors.

R ef r a cti v e dist o rti o n m o d el. Gi v e n a dist ort e d i m a g e I
a n d t h e tr u e dist orti o n-fr e e i m a g e J , w e d e fi n e a dist orti o n
m a p W = { w i }

M
i = 1 ( w h er e w i ∈ R 2 is p er- pi x el dist orti o n

v e ct or a n d M is t h e t ot al n u m b er of pi x els) t o r e pr es e nt
t h e t h e pi x el dis pl a c e m e nt b et w e e n I a n d J c a us e d b y t h e
r efr a cti o n of w at er- air i nt erf a c e. w i c a n t h e n b e writt e n as:

w i = q i − p i ( 1)

w h er e p i ∈ R 2 is a pi x el i n I , a n d q i ∈ R 2 is a pi x el i n J .
q i m a ps t o p i t hr o u g h r efr a cti o n.

Si n c e t h e r efr a cti v e dist orti o n is c a us e d b y t h e fl u ct u-
ati o n of w at er s urf a c e, t h e a m o u nt of dist orti o n ( or pi x el
pl a c e m e nt) is n at ur all y r el at e d t o t h e w at er s urf a c e h ei g ht.
B y a p pl yi n g t h e first- or d er a p pr o xi m ati o n of t h e S n ell’s l a w,
Ti a n a n d N ar asi m h a n d eri v e t h at t h e dist orti o n v e ct or w i h as
li n e ar r el ati o ns hi p wit h t h e gr a di e nt of s urf a c e h ei g ht [3 4 ].
T h e m a p pi n g fr o m t h e s urf a c e h ei g ht m a p H = { h i }

M
i = 1

( w h er e h i ∈ R is a h ei g ht v al u e) t o t h e dist orti o n m a p W
c a n b e writt e n as:

W = f ( H ) = α ∇ H ( 2)

w h er e ∇ . = [ ∂ .
∂ x , ∂ .

∂ y ] is t h e gr a di e nt o p er at or, a n d α =

h 0 ( 1 − 1
n ) is a c o nst a nt s c al ar d et er mi n e d b y t h e a v er a g e

s urf a c e h ei g ht h 0 a n d t h e r efr a cti v e i n d e x n . T h e i n v ers e
m a p pi n g fr o m W t o H c a n t h e n b e f o u n d b y i nt e gr ati n g t h e
dist orti o n v e ct ors:

H = f − 1 (W ) = h 0 +
x, y

∇ H d x d y

=
α · n

n − 1
+

x, y

W

α
d x d y ( 3)

As s urf a c e n or m als ar e r el at e d t o t h e 2 D h ei g ht gr a di e nts,
w e c a n als o d eri v e t h e n or m al m a p N = { n i }

M
i = 1 ( w h er e

n i ∈ R 3 is a n or m al v e ct or) fr o m t h e dist orti o n m a p W as:

n i = γ i [−
w i ( x )

α
, −

w i ( y )

α
, 1] ( 4)

w h er e γ i = 1 / ∥ n i ∥ is a n or m ali z ati o n f a ct or.
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Gi v e n t h e s urf a c e h ei g ht m a p H a n d t h e dist orti o n-fr e e
i m a g e J , t h e gr o u n d tr ut h dist orti o n m a p W c a n b e f o u n d
b y b a c k w ar d tr a ci n g r a ys fr o m t h e i m a g e pl a n e t hr o u g h t h e
w at er s urf a c e t o t h e u n d er w at er i m a g e J , as s h o w n i n Fi g. 3 .
We us e t h e gr o u n d tr ut h dist orti o n m a ps as w ell as p h ysi cs-
b as e d l oss es d eri v e d fr o m o ur r efr a cti o n m o d el t o g ui d e t h e
tr ai ni n g of t h e Dis- N et.

N et w o r k st r u ct u r e. T h e Dis- N et t a k es t hr e e dist ort e d i m-
a g es { I t } 3

t = 1 as i n p ut, a n d o ut p ut o n e dist orti o n m a p pr e-
di cti o n ˆW f or t h e l ast fr a m e (I 3 ). T h e n et w or k c o nsists of
t hr e e c o n c at e n at e d c o n v ol uti o n al n e ur al n et w or ks ( C N Ns)
f oll o w e d b y t w o r e c urr e nt l a y ers (s e e Fi g. 2 ).

N ot e t h at o ur n et w or k c a n b e e asil y m o di fi e d t o t a k e
ar bitr ar y n u m b er of i m a g es ( b y a d di n g or r e d u ci n g t h e
C N N br a n c h es). We fi n d t h at t hr e e i m a g es ar e s uf fi ci e nt t o
a c hi e v e d e c e nt p erf or m a n c e e v e n i n pr es e n c e of l ar g e dis-
t orti o ns. A d di n g m or e i n p ut i m a g es r es ults i n m or e n et w or k
p ar a m et ers, b ut t h e p erf or m a n c e g ai n is m ar gi n al.

T h e str u ct ur e of a C N N br a n c h is s h o w n i n Fi g. 2 . E a c h
C N N esti m at e a dist orti o n m a p fr o m o n e dist ort e d i m a g e.
T h e e n c o d er of o ur C N N is m a d e u p of st a n d ar d st a c k e d
c o n v ol uti o n al l a y ers wit h m a x- p o oli n g. T h e d e c o d er us es
v ari ati o n al r e fi n e m e nt [ 1 3 ] t o pr es er v e fi n e d et ails i n t h e dis-
t orti o n m a p. S p e ci fi c all y, at e a c h l a y er, w e c o n c at e n at e t h e
tr a ns p os e- c o n v ol v e d f e at ur e m a p, t h e c orr es p o n di n g f e at ur e
m a p fr o m t h e e n c o d er, a n d a n i nt er m e di at e dist orti o n m a p
o ut p ut b y t h e c urr e nt f e at ur e m a p. T h e i nt er m e di at e dis-
t orti o n m a ps ar e c o m p ar e d wit h d o w ns a m pl e d gr o u n d tr ut h
m a ps usi n g o ur tr ai ni n g l oss es.

T h e t hr e e dist orti o n m a ps { ˆW t } 3
t = 1 o ut p ut fr o m t h e

C N Ns ar e c o n c at e n at e d as a t e m p or al s e q u e n c e a n d f e d i nt o
t w o st a c k e d c o n v ol uti o n al L S T M l a y ers wit h b at c h n or m al-
i z ati o n. T h e c o n v ol uti o n al L S T M l a y ers tr a ns mit hi d d e n
st at es fr o m pr e vi o us ti m e fr a m es t o l e ar n t h e t e m p or al d e-
p e n d e n ci es [ 3 2 ]. B y e x pl oiti n g t h e t e m p or al c o nsist e n c y
a m o n g t h e dist orti o n m a ps, t h e pr e di cti o n a c c ur a c y is f ur-
t h er i m pr o v e d, w hi c h is s h o w n i n t h e a bl ati o n st u d y (s e e
S e cti o n 4. 3 ).

L oss f u n cti o ns. T h e Dis- N et t a k es gr o u n d tr ut h dist orti o n
fr e e i m a g e (J ), dist orti o n m a p (W ) a n d s urf a c e h ei g ht m a p
(H ) f or tr ai ni n g. We d esi g n l oss f u n cti o ns f oll o wi n g t h e
r efr a cti v e dist orti o n m o d el. O ur l oss f u n cti o ns c o nsists of
t hr e e t er ms: t h e dist orti o n m a p l oss, t h e r efr a cti o n l oss, a n d
t h e c o nsist e n c y l oss.

T h e dist orti o n m a p l oss h as t hr e e c o m p o n e nts. F or e a c h
c o m p o n e nt, w e us e t h e s c al e-i n v ari a nt err or f u n cti o n [ 1 5 ] t o
m e as ur e t h e diff er e n c e b et w e e n t w o dist orti o n m a ps:

ε (W, W ∗ ) =
1

M

M

i = 1

( w i − w
∗
i ) 2 −

1

2 M 2
(

M

i = 1

( w i − w
∗
i )) 2

( 5)

w h er e w i is a dist orti o n v e ct or i n W ; w ∗
i is a dist orti o n v e c-

t or i n W ∗ ; M is t h e t ot al n u m b er of pi x els.

Fi g ur e 4. Ill ustr ati o n of f or w ar d F a n d b a c k w ar d m a p pi n g B .
I n pr es e n c e of l ar g e dist orti o ns, b a c k w ar d m a p pi n g al o n e wit h
t h e c orr e ct dist orti o n m a p ar e i ns uf fi ci e nt t o o bt ai n a n a c c ur at e
dist orti o n-fr e e i m a g e.

I nt uiti v el y, w e c o m p ar e t h e pr e di ct e d dist orti o n m a p ˆW
wit h t h e gr o u n d tr ut h o n e a n d c al c ul at e t h e err or ε (W, ˆW ).
Si n c e t h e dist orti o n m a p is dir e ctl y r el at e d t o w at er s urf a c e
d e pt h a n d n or m al, w e c o nsi d er t w o a d diti o n al err ors t h at ar e
c o nstr ai n e d b y t h e p h ysi c al m o d els. S p e ci fi c all y, b y a p pl y-
i n g E q. 2 t o H , w e c a n o bt ai n a n ot h er dist orti o n m a p W H

c o n v ert e d fr o m t h e gr o u n d tr ut h h ei g ht. We c o m p ar e ˆW
wit h W H t o e nf or c e t h eir c o nsist e n c y. B y a p pl yi n g E q. 3
a n d E q. 4 t o ˆW , w e c a n m a p o ur pr e di ct e d dist orti o n m a p
t o its c orr es p o n di n g h ei g ht m a p ˆH a n d n or m al m a p ˆN . We
c a n t h e n a p pl y b a c k w ar d r a y tr a ci n g a n d o bt ai n a n e w dis-
t orti o n m a p W ˆH . We c o m p ar e W ˆH wit h t h e gr o u n d tr ut h

m a p W . Si n c e o ur c o n v ert e d h ei g ht ˆH is a c c ur at e, t h e t w o
m a p s h o ul d b e c o nsist e nt. I n s u m, o ur dist orti o n m a p l oss
c a n b e writt e n as L W = α 1 ε (W, ˆW ) + α 2 ε (W H , ˆW ) +
α 3 ε (W, W ˆH ), w h er e α 1 ,2 ,3 ar e w ei g hti n g f a ct ors.

T h e r efr a cti o n l oss mi ni mi z es t h e diff er e n c e b et w e e n t h e
i n p ut i m a g e I a n d t h e dist ort e d i m a g e I ˆW tr a c e d wit h t h e

h ei g ht m a p ˆH m a p p e d fr o m ˆW . We us e t h e l2 n or m as
err or m etri c: ε

l 2
(I, I ∗ ) = 1

M (I − I ∗ ) 2 . O ur r efr a cti o n
l oss is t h er ef or e writt e n as L R = ε

l 2
(I, I ˆH ).

T h e c o nsist e n c y l oss e nf or c es c o nsist e nt esti m ati o ns
fr o m t h e t hr e e p ar all el C N Ns. As t hr e e i n p uts { I t } 3

t = 1 ar e
c a pt ur e d i n a s h ort ti m e i nt er v al, w e ass u m e t h eir l at e nt
dist orti o n-fr e e i m a g es ar e t h e s a m e. S p e ci fi c all y, w e us e t h e
pr e di ct e d dist orti o n m a ps { ˆW t } 3

t = 1 t o u n dist ort t h eir c orr e-
s p o n di n g i n p uts b y a p pl yi n g E q. 1 a n d o bt ai n { Ĵ t

ˆW t
} 3

t = 1 .
We us e t h e l2 err or t o c o m p ar e p air wis e diff er e n c e a m o n g
{ Ĵ t

ˆW t
} 3

t = 1 . T h e c o nsist e n c y l oss is t h er ef or e writt e n as

L C = 1
3

3
t, s = 1 ε

l 2
( Ĵ t

ˆW t
, Ĵ s

ˆW s
).

We c o m bi n e L W , L R , a n d L C t o tr ai n t h e Dis- N et. T h e
tr ai ni n g is p erf or m e d e n d-t o- e n d. T h e C N Ns a n d t h e r e c ur-
r e nt l a y ers us e diff er e nt s ets of w ei g hts f or t h e l oss es.
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3. 2. I m a g e R est o r ati o n

Gi v e n t h e esti m at e d dist orti o n m a p ˆW , w e pr o p os e a
dist orti o n- g ui d e d a d v ers ari al n et w or k ( D G- G A N) t o esti-
m at e t h e dist orti o n-fr e e i m a g e Ĵ . B y dir e ctl y a p pl yi n g ˆW t o
u n dist ort t h e i n p ut dist ort e d i m a g e I , w e c a n o bt ai n a n i nt er-
m e di at e i m a g e Ĵ ˆW = B (I, ˆW ), w h er e B r ef ers t o b a c k w ar d
m a p pi n g:

B (I, W ) = I (p − w ) ( 6)

We us e t his w ar p e d i m a g e Ĵ ˆW as i n p ut t o t h e D G- G A N.

Alt h o u g h Ĵ ˆW a p p e ar l ess dist ort e d t h a n I , s o m e l ar g e dis-
t orti o ns c a n n ot b e i n v ert e d as s e v er al pi x els i n J m a y m a p
t o o n e pi x el i n I t hr o u g h r efr a cti o n as s h o w n i n Fi g. 4 .

O ur D G- G A N h as si mil ar str u ct ur e t o t h e c o n diti o n al
G A N [ 2 3 ], b ut a d o pts dist orti o n- g ui d e d tr ai ni n g l oss es. T h e
g e n er at or G us es t h e “ U- N et ” as b as e ar c hit e ct ur e. It h as 6
c o n v ol uti o n al l a y ers i n t h e e n c o d er a n d 6 d e c o n v ol uti o n al
l a y ers wit h s ki p c o n n e cti o ns i n t h e d e c o d er. G ’s g o al is
t o pr o d u c e dist orti o n-fr e e i m a g es Ĵ t h at c a n n ot b e disti n-
g uis h e d fr o m “r e al ” b y t h e dis cri mi n at or. G is tr ai n e d wit h
b ot h t h e l1 a n d l2 l oss es t h at f or c e its o ut p ut t o a p p e ar si m-
il ar t o t h e gr o u n d tr ut h dist orti o n-fr e e i m a g e J . T h e l1
l oss e n c o ur a g es l ess bl urri n g a n d h el p t o g e n er at e s h ar p er
i m a g e. I n a d diti o n, w e c a n a p pl y t h e gr o u n d tr ut h dis-
t orti o n m a p W o n G ’s o ut p ut t o o bt ai n a dist ort e d i m a g e
Î G = F (G ( Ĵ ˆW ), W ), w h er e F r ef ers t o f or w ar d m a p pi n g:

F (I, W ) = I (p + w ) ( 7)

If G ’s o ut p ut a p p e ars si mil ar t o J , t h e n Î G s h o ul d b e c o nsis-
t e nt wit h t h e i n p ut dist ort e d i m a g e I . T h e l oss f u n cti o n f or
tr ai ni n g G is t h er ef or e writt e n as:

L G =
1

M
( | G( Ĵ ˆW ) − J |

+ (G ( Ĵ ˆW ) − J ) 2 + ( Î G − I ) 2 ) ( 8)

T h e dis cri mi n at or D is a d v ers ari all y tr ai n e d t o i d e n-
tif y t h e “f a k e ” h all u ci n at e d i m a g es fr o m g e n er at or. O ur
D is f or m e d wit h 6 m o d ul es of t h e f or m c o n v ol uti o n-
B at c h N or m- R e L u m o d ul es [ 2 2 ]. B esi d es l e ar ni n g a m a p-
pi n g fr o m t h e i n p ut Ĵ ˆW t o t h e dist orti o n-fr e e i m a g e J , t h e
n et w or k als o l e ar ns t o pr e di ct w h et h er t h e dist orti o n c o n-
str ai nt is s atis fi e d. S p e ci fi c all y, w e a p pl y t h e gr o u n d tr ut h
dist orti o n m a p W t o Ĵ ˆW , t h e dis cri mi n at or D t h e n f a v ors
pr e di cti o ns t h at a p p e ar cl os er t o i n p ut dist ort e d i m a g e I , i n-
st e a d of t h e f or w ar d m a p pi n g r es ult Î G of G ’s o ut p ut. T h e
o bj e cti v e f u n cti o n of o ur D G- G A N c a n b e writt e n as:

L G A N (G , D ) = E [l o gD ( Ĵ ˆW , J)] + E [l o gD (F ( Ĵ ˆW , W ), I)]

+ E [l o g( 1 − D ( Ĵ ˆW , G ( Ĵ ˆW ))]

+ E [l o g( 1 − D (F ( Ĵ ˆW , W ), Î G ))] ( 9)

T h e c orr e ct e d dist orti o n-fr e e i m a g e is t h e n o pti mi z e d as
Ĵ = a r g mi n

G
m a x

D
L G A N .

Fi g ur e 5. S a m pl e i m a g es of o ur s y nt h eti c u n d er w at er i m a g e
d at as et. Fr o m l eft t o ri g ht, w e s h o w t h e gr o u n d tr ut h ( G T)
dist orti o n-fr e e i m a g e, G T h ei g ht m a p, G T dist orti o n m a p, a n d t h e
r efr a cti o n i m a g e.

4. E x p e ri m e nts

I n t his s e cti o n, w e e v al u at e o ur D G- N et o n b ot h s y nt h eti c
a n d r e al u n d er w at er i m a g e d at as ets. S p e ci fi c all y, w e c o m-
p ar e o ur m et h o d wit h c o m p etiti v e st at e- of-t h e- art m et h o ds,
a n d p erf or m a bl ati o n st u di es o n o ur n et w or k.

4. 1. N et w o r k Tr ai ni n g

D at a p r e p a r ati o n. O ur D G- N et is tr ai n e d o n a s y nt h eti c
u n d er w at er d at as et. We g e n er at e t h e d at as et usi n g p h ysi cs-
b as e d m o d eli n g a n d r e n d eri n g. S p e ci fi c all y, w e us e p ar-
ti al d eri v ati v e e q u ati o ns d eri v e d fr o m t h e N a vi er- St o k es t o
m o d el t h e w at er w a v es. We c o nsi d er w a v es wit h v ari o us
h ei g hts a n d fl u ct u ati o ns t o cr e at e dist orti o ns of diff er e nt
s c al es. T o s h o w t h at o ur m et h o d is r o b ust t o diff er e nt t y p es
of w at er w a v efr o nts, w e si m ul at e t hr e e t y p es of w a v es: ri p-
pl e w a v es, o c e a n w a v es, a n d G a ussi a n w a v es. M or e d et ails
of t h es e w a v e e q u ati o ns c a n b e f o u n d i n t h e s u p pl e m e nt ar y
m at eri al. Fi g. 5 s h o ws e x e m pl ar y w at er dist orti o n i m a g es
a n d t h eir c orr es p o n di n g dist orti o n m a ps a n d h ei g ht m a ps.

T h e dist orti o n-fr e e u n d er w at er i m a g es ar e c h os e n fr o m
t h e D es cri b a bl e Te xt ur es D at as et ( D T D) [7 ]. D T D c o nt ai ns
a br o a d r a n g e of r e alisti c t e xt ur e i m a g es. We s el e ct a s u bs et
fr o m t h e D T D, w h os e a p p e ar a n c e r es e m bl es t h e u n d er w at er
s c e n es (f or e x a m pl e, p o ol til es, s e a pl a nts, p e b bl es, et c .). I n
a d diti o n, w e a d d ∼ 5 0 0 v ari o us t e xt i m a g es t o o ur s et as u n-
d er w at er p att er ns. Alt o g et h er, o ur d at as et c o nt ai ns ∼ 6 3 k
dist ort e d r efr a cti o n i m a g es, g e n er at e d fr o m 6 3 5 4 u ni q u e
dist orti o n-fr e e i m a g es ( or r ef er e n c e p att er n). We k e e p 1 0
c o ns e c uti v e fr a m es p er w a v e. F or e a c h r efr a cti o n i m a g e,
w e pr o vi d e t h e gr o u n d tr ut h dist orti o n-fr e e i m a g e, dist or-
ti o n m a p, a n d h ei g ht m a p of t h e w at er s urf a c e. We di vi d e
o ur d at as et as 7 0 % f or tr ai ni n g ( 4 3, 6 0 0), 1 5 % f or v ali d ati o n
( 9 9 8 0), a n d 1 5 % f or t esti n g ( 9 9 6 0). N ot e t h at all t h e w a v es
a n d r ef er e n c e p att er ns ar e n o n- o v erl a p pi n g a m o n g t h e tr ai n-
i n g s et, v ali d ati o n s et, a n d t esti n g s et.
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Figure 6. Visual comparison with the state-of-the-arts on real captured datasets: the TianSet [34] (top), the JamesSet [24] (middle), and the
ThapaSet [33] (bottom). Here Tian-10, Oreifej-10, and James-10 refer to using a 10-frame sequence as input to the methods [34], [30], and
[24], respectively. Please see our supplementary material for more visual comparison results.

Implementation details. We implement our network with
TensorFlow [1]. The overall network (DG-Net) has around
50 million trainable parameters, which includes 3.1 million
for the Dis-Net, 41 million for the generator of DG-GAN,
and 6.9 million for the discriminator of DG-GAN. All com-
putations are performed with a desktop computer with Xeon
E5-2620 CPU and two NVIDIA GTX 1080 Ti GPUs.

The DG-Net is trained in two steps. We first train the dis-
tortion estimation network (Dis-Net) on the synthetic train-
ing set. We set the weights ∼ 0.55, ∼ 0.25, and ∼ 0.15 for
the distortion map loss LW , refraction loss LR, and consis-
tency loss LC , respectively. We use the Adam optimizer to
train the network. We use batch size 64 for both training
and validation with the learning rate of 10−4. We train the
network with the loss functions described in Section 3.1 for
60 epochs until converge.

We then train the distortion-guided generative adversar-
ial network (DG-GAN) for restoring the distortion-free im-
age. We first use the estimated distortion map to backward
map the distorted image to an intermediate undistorted im-
age, and then use it as input to the DG-GAN. We use the
Adam optimizer to train DG-GAN with a fixed learning rate
of 2 × 10−4. We train the network with the loss functions
described in Section 3.2 for around 400 epochs that suffices
to produce good predictions.

4.2. Comparison with the State-of-The-Arts

We compare our methods with the state-of-the-art un-
derwater image restoration methods [34, 30, 23, 28, 24].
Specifically, Tian and Narasimhan [34], and Oreifej et al.
[30] are two classical model-based approaches. Tian and

Narasimhan[34] use parametric models of distortion to re-
store the images. Oreifej et al. [30] perform per-frame reg-
istration with the mean image. James et al. [24] is a recently
proposed compressed sensing (CS) solver for underwater
image restoration. All these methods require a long input
sequence to achieve good performance.

Isola et al. [23] and Li et al. [28] are learning-based
methods for image generation/restoration. Isola et al. [23]
is a general-purpose pixel-to-pixel image generation net-
work. It has good performance on style transfer, image
coloring and inpainting. Li et al. [28] is an adversarial
network specifically for restoring refracted images, trained
with ∼300k images from the ImageNet.

Testing datasets. We perform experiments on four dataset
(one synthetic and three real): 1) SynSet: our own syn-
thetic dataset with 9960 testing images (generated with 996
different reference patterns); 2) TianSet: a real captured
dataset by Tian and Narasimhan [34]; 3) JamesSet: a real
captured dataset by James et al. [24], in which we test on
three videos: Cartoon, Elephant, and Eye; and 4) Tha-
paSet: a real captured dataset by Thapa et al. [33]. The
TianSet contains four real captured videos with refractive
distortions. The four sequences use different reference pat-
terns and each sequence has 61 frames. In our experiments,
we also test Tian et al. [34], Oreifej et al. [30] and James
et al. [24] on shorter sequences with 10 consecutive frames.
We take three real underwater scenes from the ThapaSet.
We also test [34], [30], and [28] on the ThapaSet for further
comparisons. We perform both qualitative and quantitative
evaluations on the image restoration results.
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Methods PNSR↑ SSIM↑ SSD↓ SSDG↓

Sy
nS

et Isola et al. 18.680 0.300 0.0136 0.0068
Li et al. 19.250 0.425 0.0118 0.0055

DG-Net (Ours) 24.069 0.800 0.0039 0.0019

Ti
an

Se
t

Tian-61 16.778 0.810 0.0210 0.0107
Tian-10 16.402 0.740 0.0229 0.0112

Oreifej-61 20.457 0.820 0.0090 0.0047
Oreifej-10 15.884 0.550 0.0258 0.0125
Isola et al. 10.008 0.400 0.0998 0.0490

Li et al. 10.087 0.510 0.0985 0.0486
James-61 20.223 0.753 0.0095 0.0049
James-10 16.556 0.721 0.0221 0.0109

DG-Net (Ours) 19.586 0.840 0.0110 0.0056

Ja
m

es
Se

t

Tian-61 17.099 0.787 0.0195 0.0095
Tian-10 15.086 0.574 0.0310 0.0153

Oreifej-61 15.272 0.765 0.0297 0.0141
Oreifej-10 14.948 0.559 0.0315 0.0150

Li et al. 12.226 0.662 0.0599 0.028
James-61 20.779 0.927 0.0084 0.0041
James-10 16.785 0.512 0.0209 0.0098

DG-Net (Ours) 20.227 0.902 0.0095 0.0052

T
ha

pa
Se

t

Tian-61 23.187 0.827 0.0048 0.0029
Tian-10 22.076 0.909 0.0062 0.0031

Oreifej-61 23.372 0.875 0.0046 0.0025
Oreifej-10 20.506 0.903 0.0089 0.0034

Li et al. 21.426 0.950 0.0072 0.0020
James-61 26.778 0.948 0.0210 0.0013
James-10 23.979 0.935 0.0401 0.0019

DG-Net (Ours) 26.021 0.951 0.0251 0.0013

Table 1. Quantitative comparison with the state-of-the-arts.

Evaluation metrics. We use four standard image qual-
ity/ similarity metrics for quantitative evaluation: 1) Peak
Signal-to-Noise Ratio (PSNR) [21], 2) Structural Similarity
Index (SSIM) [18], 3) Sum Squared Difference (SSD) [30],
and 4) SSD in Gradient (SSDG) [30]. See our supplemen-
tary material for equations of these metrics.

Comparison results. Fig. 6 shows the qualitative compar-
isons between our method and the state-of-the-arts. We
show comparison results on three real captured datasets.
Please see our supplementary material for more visual com-
parison results on both synthetic and real datasets. Note that
here we show results for Tian and Narasimhan [34], Oreifej
et al. [30], and James et al. [24] with 10 input frames (re-
ferred to as Tian-10, Oreifej-10 and James-10 in Fig. 6).
We can see that their recovered images are severely down-
graded because the input sequence is too short. We can also
see that our method, which uses only three input frames,
outperforms all the other methods in terms of distortion cor-
rection capacity and image sharpness, and produces results
with the best visual quality. For qualitative comparisons
with [34, 30, 24] using 61 input frames, please refer to our
supplementary material.

Figure 7. Comparison on the “in-the-wild” data. The top two rows
are from the aquarium scene captured by a cellphone camera. The
bottom row is from the pool scene captured by a drone camera.

Table 1 shows quantitative comparisons of all methods
on both the synthetic and real captured datasets (SynSet,
TianSet, JamesSet and ThapaSet). For fair comparison,
Isola et al. [23] is trained on our dataset. We can see that
this general purpose GAN [23] does not work well on re-
fractive distortion correction. Our method achieves the best
performance on most of the metrics. It’s worth noting that in
TianSet, the PSNR of our results is lower than some model-
based methods [30, 24] with 61 input frames on several
datasets because the PSNR favors blurry images. From the
qualitative comparison, we can see that our results are much
sharper than those methods and in fact have better visual
appearance. Also, some of our results have higher SSIM
but lower PSNR. This is because PSNR and SSIM have
different degrees of sensitivity to different forms of image
degradation. For the task of distortion correction, the esti-
mated distortion-free might have slight misalignment. As
our results are usually sharp, such misalignment may lead
to drastic decrease in PSNR. On the other hand, SSIM is
window-based and less sensitive to the misalignment.

“In-the-wild” experiments. The existing methods refrac-
tive distortion correction [24, 34, 30] are mostly tested on
static and planar image patterns because they require long
sequence to restore the underwater image. However, in real
scenarios, either the viewing camera or the underwater ob-
jects might be moving. To evaluate the robustness of our
method on these challenging scenarios, we perform exper-
iments under two settings 1) a moving camera looking at
a static underwater scene and 2) a stationary camera look-
ing at a dynamic underwater scene. For the first setting,
we use the DJI Mavic Mini drone camera to capture videos
(at 60 fps) of an outdoor swimming pool with static un-
derneath patterns (see Fig. 1). For the second setting, we
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Methods Image Restoration
PSNR↑ SSIM↑ SSD↓ SSDG↓

Dis-NetW 15.010 0.358 0.0315 0.0162
Dis-NetR 17.853 0.407 0.0164 0.0089
Dis-NetC 18.090 0.422 0.0155 0.0077
Dis-Net 20.015 0.610 0.0099 0.0052
DG-Net 24.069 0.800 0.0039 0.0019

Table 2. Quantitative ablation on physics-based loss terms.

use a cellphone camera to capture videos (at 120 fps) of an
indoor aquarium with swimming fish. We compare our re-
sults with Li et al. [28] and James et al. [24] (with 10 input
frames). The results are shown in Fig. 7 (more results are
included in the supplementary material). We can see that
our method works well on these challenging scenarios. In
particular, our restoration results have consistent fish shape
in the aquarium scenes. While Li et al. [28] fails to correct
some distortions, and results of James et al. [24] are blurry.

4.3. Ablation Studies

Effect of the physical constrains. We first perform abla-
tive experiments on the physics-based loss terms described
in Section 3.1 to show their effectiveness. We compare
our full network (DG-Net) with the Dis-Net (without the
distortion-guided GAN), and three variants of the Dis-Net:
1) Dis-NetW , which removes the last two terms of LW (no-
tice that these terms are constrained by our physical model);
2) Dis-NetR, which removes the refraction loss LR in Dis-
Net; and 3) Dis-NetC , which removes the consistency loss
LC in Dis-Net. The quantitative comparisons are shown in
Table 2. Qualitative comparisons are shown in our supple-
mentary material. We can see that all loss terms contribute
to improve our network performance.

Effect of the temporal constraint. To evaluate the effect
of the temporal constraint, we create a single input version
(DG-Net-S) of our full network by removing the recurrent
layers and keeping only one CNN branch. Here we com-
pare with Li et al. [28], as it takes a single image as input.
We perform experiments on the SynSet. In addition to the
recovered images, we also compare the estimated distortion
map. We use the root mean square error (RMSE) and the
absolute relative error (Abs Rel) to evaluate the distortion
map estimation. The quantitative comparison is shown in
Table 3. We can see that our full network achieves the best
performance. Even our single input version achieves better
result than Li et al. [28]. We therefore conclude that using
the recurrent layer to exploit temporal consistency helps im-
prove the performance.

Effect of refraction distortion constraint. To evaluate the
effect of using distortion map as guidance, we create two
variants of our network: 1) our network without distortion
guidance (noted as ours w/o DG) and 2) our network with-

Methods Distortion Map Image Restoration
RMSE↓ AbsRel↓ PSNR↑ SSIM↑ SSD↓ SSDG↓

Li et al. 0.1089 0.082 19.251 0.425 0.0118 0.0055
DG-Net-S 0.0872 0.070 21.198 0.500 0.0076 0.0041
DG-Net 0.0624 0.038 24.069 0.800 0.0039 0.0019

Table 3. Quantitative ablation on the temporal consistency.

Figure 8. Comparisons with respect to the distortion levels.

out the DG-GAN (that leaves the Dis-Net alone). We com-
pare our full network with the two variants, as well as Li et
al. [28] and Isola et al. [23]. Experiments are performed on
refracted images with different distortion levels. We cate-
gorize the SynSet into seven distortion levels (where level 0
indicates distortion-free, and level 7 indicates the strongest
distortions). We quantify the distortion level using the av-
erage magnitude of the distortion map of the input image.
Fig. 8 compares the PSNR of recovered images from all
methods at different distortion levels. See our supplemen-
tary material for details on how we compute the distortion
levels and the visual comparison results. We can see that, in
contrast to the other methods without distortion guidance,
our method stays relatively robust for all distortion levels.
Although certain distortions still persist when the input im-
ages have high level of distortions, our method still largely
improve the image quality and make the underwater scene
discernible. This is especially important for text scenes.

5. Conclusions

We presented a physically constrained distortion-guided
network (DG-Net) for correcting refractive distortions. We
first use a convolutional network that exploits the physical
model of refractive distortions for estimating the distortion
map. We then use a GAN to restore sharp distortion-free
image by using the estimated distortion map as guidance.
Experimental results demonstrated that our method gener-
alizes well on real scene and has the capacity of handling
challenging scenarios.
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