Raindrop Detection on Car Windshields Using Geometric-Photoratric
Environment Construction and Intensity-Based Correlation

Jad C. Halimeh and Martin Roser
Institut fir Mess- und Regelungstechnik
Universitt Karlsruhe (TH)
D-76131 Karlsruhe, Germany
Email: jad.halimeh@stud.uni-karlsruhe.de, roser@rkatde

Abstract— Vision-based Driver Assistance Systems (DAS) are
becoming pervasive in today's automotive industry. However,
most of these systems are designed to perform in good weather /
conditions and they perform very poorly in adverse weather
particularly in rain. A big problem related to rainy weather
conditions that highly limits the performance of DAS is rain- ’ 4
drops on car windshields. We present a novel approach that
detects raindrops on a car windshield using only a single
image from an in-vehicle camera and a standard interest point
detector for pre-selection of raindrop candidates. The algorithm
models the geometric shape of a raindrop on the car windshield, Fig. 1. Shapes of raindrops on windshields
utilizes its photometric properties and establishes a relationship
between raindrop and environment. The proposed algorithm

outperforms existing mgchine vision-bgsed approaches fqr the Garg and Nayar [4], [5], [6], [7] studied the visual effects
task of raindrop modeling and detection from an in-vehicle of rain and came up with a photometric raindrop model that

perspective. It functions very accurately and is robust in terms describes refraction and reflection of light b tati r
of imprecise positions of raindrop candidates. Its results can escribes refraction a efiection ot 1ig y a stationary

be further used for image restoration and vision enhancement SPherical raindrop. Additionally, they determined theeeff

and hence it is a valuable tool for DAS. of camera parameters on image disturbance and developed an
approach of detecting and removing rain from videos. Zhang
. INTRODUCTION et al. [17] further extended the rain detection approach in [4]

by chromatic properties. However, these approaches equir

Vision-based Driver Assistance Systems (DAS) are baimplifications,e.g. a static observer or high exposure time
coming pervasive in today’s automotive industry. They proand hence are not efficient in in-vehicle applications with
vide assistance to the driver in multiple ways and dradgical egomotion. In addition, rain streaks as discussed by Gatg an
minimize the risk of accidents. Since most weather-relateayar are not the dominant weather feature in the applicatio
accidents arise due to rainy weather conditions, reliabdiscussed in this paper, but rather the main feature here are
assistance in such situations is desirable. However, DAS amindrops on the car windshield.
designed to perform under good-natured weather conditionsKurihata [11] used a machine learning approach with
and are heavily affected in adverse weather, especially maindrop templates, so calledgendropsto detect raindrops
rain. This means the driver has to live with limited DASon windshields. Results within the sky area were quite
functionality particularly in such situations where assispromising, whereas the proposed method produced a large
tance and guidance are most desired. Therefore, a relialplember of false positives within the non-sky regions of the
raindrop detection system is needed that provides propinage where background texture and raindrop appearance
compensation for the shortcomings of today’s vision sensoget sophisticated.
in rainy weather by providing additional information like Raindrop modeling was also performed using ray tracing
raindrop position and size. These parameters can then fe], [2]. Unfortunately, ray tracing algorithms are compu
used to enhance image processing algorithms for DAS anakionally very expensive. Cameraat al. [2] proposed an
are an important step towards extending their functiopalitapproach that uses multiple DSPs in order to reduce the
to adverse weather conditions. processing time, but their approach still does not offeglfts

Bad weather conditions can be classified into two maito real-time applications. A real-time approach was prepos
categories: Static or steady weather conditions such gs fag [14] that employed two models, the physical model that
mist, or haze and dynamic weather conditions such as raidescribed the water movement, followed by a lighting model
hail, or snow. Whereas many attempts have been madethat took Fresnel's reflectivity coefficients into account.
resolving static weather problems like fog or haze [12]][15 However, their goal was not to create a physically correct
[13], [8], research in machine vision for dynamic weathemodel but rather a credible simulation for computer graphic
conditions is sparse. applications. The main goal of the approach discussedsn thi
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paper is the physically accurate modeling of raindrops onthe raindrop surface. Thus, the light ray is always in this
tilted glass surface so that real raindrops can be deteatiéd gplane but not necessarily so before it reaches the raindrop.
distinguished from non-raindrop blobs. Fig. 3 shows a detailed view on one action plane. The
This paper introduces an algorithm based on a nov&lindshield of thicknes§" is modeled as two parallel planes
geometric-photometric model that thoroughly describes thiV; (inner plane) andV, (outer plane). Hence, the orthogonal
refractive properties of a raindrop on a car windshield. Thprojections oniW; and W, are given respectively by
algorithm traces the rays going through this raindrop from O’ — M sin U5 1
the environment into the camera, and determines the part = M sin @
of the scene refracted by the raindrop. Fresnel's reflegtivi " , . ) .
coefficients are then used to perform intensity-based kearre 0" =0"+Thw = (Msin¥ + T)hw (2)
tion between the raindrop and the section of the environmef,qre fiyy = (cosU,0,sin )T is the windshield normal.

(scene) it refracts to verify that it is a raindrop. The algoThe real-world coordinateX; of p on W, can then be

rithm we have developed and tested is coinedRAaNdrop  yetarmined using the pinhole camera model and the focal
Intelligent Geometric Scanner and Environment Constnuctqength f:

(RIGSEC) The original image location and radius of the

blob initially assumed to be a raindrop are attained using X, = ZYE 3)
a Hessian-based interest point detector such as SURF [1]. 5
Those are then input into RIGSEC and the latter determines Y, =7Z;= 4)
if that blob in the image is the result of a raindrop on the Mtan\Ilf
windshield. Zy= ——— (5)
tanV¥ + ?
Il. GEOMETRIC-PHOTOMETRIC RAINDROP Accordingly, the corresponding raindrop radius 4 is
MODEL ,
. . _ _ Ri=2;. (6)
A standard detector provides possible raindrop candi- f
dates with positionx; = (;, ;)" and radiusr; (i = 1..n) Due to glass refraction effects, the raindrop position on

in the image plane, so the sensed raindrop candidate canype slightly varies and its radiu®; is actually larger than
described completely bp; = (zi,y:,:)". Based on these it appears oni¥;. Hence, in order to determine the actual
detection results, each candidate is tested with RIGSEE. Tbosition X, and sizeRO of the sensed raindrop o, the
algorithm is explained in the following taking into accountraindrop extremities (see Fig. 3) are traced fréfto their
only one possible raindrop candidate= (z,y,r)". counterparts ofil/,. All other rays in between the extremities
can be traced using Snell's law of refraction as follows:
Consider any given ra = 08 = (Xs,Ys,Zs)T on W;

as depicted in Fig. 3 (dashed line). The angle of incidence
« of vectorS with respect to the windshield normal is then
given by

raindrop

S~f1W)
« = arccos | ———— | . @)
< [IS]]

The piercing pointR of the ray with1W, can be determined
using Snell’'s law, refraction indices of air and glass and (1

K = arcsin ( W) (8)

Nglass

windshield

Fig. 2. Geometric framework of proposed method with action gdan

A 3D camera coordinate systed = (X¢,Ye, Zo)T is R=S+T (ﬁw + tai’f
built as shown in Fig. 2 with its origin lying at the camera 1507
optical centerO. The optical axis makes an angle with  This means that for any point on the raindrop whose image
the inner windshield plan®/; and intersects it at a distance coordinates are known, its XYZ-coordinates @, can be

M. The optical cente), its orthogonal projectior)’ on determined. The above equations also provide the XYZ-
W;, and each scanned point on the detected blob form aoordinates of the interface extremities ®#, since the
action plane with the major action plane (defined by thecorresponding coordinates of the blob extremitiedignare
points O, O’, and the raindrop center of’;) being of known. The real blob radiu®, and its center positiol,
particular interest. Such a plane is called an action plar@ W, can then be determined.

because, according to Snell's law of refraction [9], thénlig  The shape of fluid droplets on solid surfaces is modeled
ray passing through the corresponding scanned point to theing the Young-Laplace equation [16], [3] that descrilnes t
optical center never leaves this plane ever since coming frorelation between surface tension, pressure and curvéathee.

(S — Msin \Ifﬁw)> .9
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Fig. 3. Refraction model for an example action plane

contact angler between the raindrop surface afd, plays environment from which this light ray emanates, assuming
the role of a boundary condition. In addition to the abové” lies on a known environment plane. Even though RIGSEC
relations, the exact contact angle depends on the treatmeardrks for any geometrical surface in the environment, a
of the solid surface as well as the rain water consistencglane with the equatiomen, - X + d = 0 is taken to be
Typical values are approximateB° — 50°. For simplicity, the environment for simplicity.

the raindrop is considered to be a spherical section with

cut surface radiugz, on W, and contact angle between E. Agphere(J)
the raindrop surface and/,. This leads to determining the EZ) ~~~~~~~~~~ @\J
extendedsphere: .2
B
R, %—'/A
R = — 10 . N
sphere= = (10) -\_,:’,LRv
Csphere: Co— rAlWRsphereCOS T. (11) _ .
Considering the dashed ray from Fig. 3, poihton the TCophere:.

drop surface can be determined as the piercing point of the
ray coming back fromS and being refracted aR towards Fig. 4. Plane oflight ray coming from environment and incidataindrop
iy according to the refractive indicegyass and nuater surface point/

nglassSin/€>. (12) In order to decide on the raindrop candidate, the 3D
environment pointE has to be traced to an observation at

The angle of incidence at the raindrop surface is partigularPOSitionx in the image plane, denoted by the light ray going
important for identifying refracted environment areaseThfrom £ to O by propagating through air into the windshield

v = arcsin (

Nwater

angle of refraction at poin is given by glass and finally into the inside of the vehicle towaxds
. The light ray is incident tol¥/, at an anglev and leaves

3 = arccos <n5phere(J) 'RJ> (13) Wi making also an angle af with the opposite offiyy.

IRJ| The dotted lineEO makes an angley, with fy which is

where the raindrop surface normadpnerd.J) is now depen- calculated to be

dent on the surface point. Hence, the ray leaves the action OE -1
i i = ud 15
plane from Fig. 3 ar\d propagates in a plane formedihy Wo = arccos “OE[[ /- (15)
J and Csprere@s depicted in Fig. 4.
The angle of incidencé at point.J can be determined in Note that the point€, B, A, O, O’, andO” are all in the

line with (12) but with 3, nyater and ngjr: same action plane. Finding results in a nonlinear problem
PaterSin 3 which can be solved by standard techniques like the Newton-
0 = arcsin (Water> (14) Raphson method that iteratively solves the root problem
Nair

f(w) = (cot(w+ ¥p),—1) - (x3; —x}) = 0, starting with
In case that no total internal reflection occurs inside ththe initial anglew,. x};, x3;, and Up are the projection of
raindrop at.JJ, RIGSEC determines the poinE in the F, B, andW, on the action plane mentioned above.
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IIl. INTENSITY-BASED CORRELATION TABLE |
PARAMETERS FORFRESNEL S REFLECTIVITY COEFFICIENTS
Based on the sensed location of a blob, RIGSEC deter-

mines the exact path of all light rays that are interactinthwi point | transition | ny N2

M1 | M2

the raindrop starting in the image plane and tracing them A airglass | nair | nglass | w | X

back to the environment where they emanate. However, in '3 g;gjﬂf‘; Moass | Mar | X Z
. . air water

order to compa.re.the environment mapped to.thg raindrop R | water/glass| nater | ngass | 7 | &

candidate, predicting the observed pixel intensity is atte S glass/air | ngass | mair | K | «

as essential as the exact ray tracing discussed above. Hence
RIGSEC uses the environment intensities and Fresnel’s re-

flectivity coefficients. IV. EXPERIMENTS

When light moves from a medium of a given refractive . - . .

. . . . S As depicted in Fig. 5, the experimental setup consists of

index n; into a second medium with refractive index, : . !
. . a windshield plane and an environment plane that can both

"he tilted at different angles and translated along the aptic

ﬁlé(is of the camera. Furthermore, one artificial pattern and

one image of a real traffic scene were used as experimental

environments where, for purpose of simplicity, the redfitta

scene was assumed to be planar as well.

this application only the refracted part accounts for tightli
that reaches the optical center due to the geometry of t
raindrops on a car windshield, the transmitted light initgns
1> will be related to the incident light intensitf; by

I =(1—Ry)hL (16)

where R;5 is Fresnel’s reflectivity coefficient for sunlight

in the atmosphere going from mediufin to medium 2.
Even though unpolarized in space, sunlight becomes par-
tially polarized in the atmosphere due to scattering from
gas molecules and reflection off objects according to [9].
However, much of the light impinging on the camera is only
slightly polarized, and totally polarized light occurs pialt a Fig. 5. Experimental setup for RIGSEC
few specific anglesg(g.Brewster angle in case of reflection).

Hence, it can be assumed over time average that the light had" Order to reach a decision about the raindrop candidate,
an approximately equal mix of parallel and perpendicula‘ihe error between observed pixel intensitigsand estimated

s |

polarizations andR,, can be expressed as intensities/s is evaluated using the correlation coefficient
N
1 1 ~ = _
Ri =3 G (17) cc= 5, — SN Ui - D -1y (22)

=1

where according to [10] with mean values and standard deviatidns; for the ob-

rig, = T COS [t — M2 COS [i2 (18) served values anfl o; for the estimated values, respectively,
T Mm1cos iy + ng oS fo and with N as the number of all estimates.
V. RESULTS
N1 COS — N2 COS
T2, = ! = 2608 (29)

N COS g + Ny COS i Experiments reveal that for both environments accurate
construction is achieved. Fig. 6 shows scanned raindroibs wi
: : . . the scenes they refract as observed by the camera (upper
.found.m '_I'able . S.'nCdA IS knov_vn from the_ camera, this rows) and as constructed by RIGSEC (lower rows) for the
Intensity 1s transmlttgd bY the light ray going fro@‘ 0 two above-mentioned environments. The CC values in Fig. 6
the' optical genter via ra'lr]drop and glass refrgctlon. Thghow the correlation coefficient between construction and
estimated raindrop intensitys at § can be determined as observation. MaxCorr takes the maximum of CC in a small
A Iy ROI around the raindrop position estimate.
Is = [,(1—R;)i (20) Although the visual results are quite accurate and cor-
. o . relation coefficients up td.74 are achieved, correlation
where R; are Fresnel's reflectivity coefficients at all po'ntsespecially for the artificial pattern is less significant. &s

where refraction between two media occuie.(i €  example, the three top-left raindrops in Fig. 6 show only
{4, B,J, R, S}, see Fig. 3) and stands for the direction | correlation (CC= 0.08,0.13,0.05) even though the

of the intensity prediction: algorithm yields accurate geometric environment contruc-

The corresponding values fqry, ps, ny, and ny can be

‘ —1, Vie{A,B} tion. This can be explained due to the following reasons:
J= { 1. else (21)  Firstly, a raindrop can be assumed as an additional lens on
7 the windshield so light rays from a pixel diverge and each
Table | shows all relevant information for estimatiig; observed point (pixel) on the raindrop integrates the light
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environment

0.33 0.42 0.31

i
CcC 17
.38 0.48 0.64 0.39

MaxCorr

environment

cc 0.32 ) 0.53 0.25 0.28 0.32 0.74 0.22 0.64
MaxCorr  0.45 0.40 0.61 0.41 0.48 0.70 0.79 0.41 0.76

Fig. 6. Upper images show the real raindrop (observatiomjetdmages show RIGSEC construction results. Black areairwélraindrop indicates the
refracted environment area occluded by the raindrop. Blaeksaalong the boundary of a raindrop are refracted scecigsanhot subtended in the field
of view of the DAS camera. Both types of areas are omitted froemptfocess of intensity correlation due to the fact that norinfition on their intensities
is readily available. The black dots around the boundaryhefraindrop are due to finite scanning resolution.

of an environmental area of many pixels in size. Secondlyesults of common regional descriptors like SURF are not
the raindrop appears blurred since the camera focuses ngary accurate for raindrops, robustness to imprecisealniti

infinity. positions has to be improved. Simulations reveal that for
small changes in position, the gradient of the drop surface
0.8 as well as Snell's law can be linearized. It can be assumed
0.6 I S E— that the RIGSEC result itself does not change much except
o4l for a linear translation of the geometrically constructed
e environment area. Hence, RIGSEC need not be performed
3 027 f again. Matching the previous result within a small ROI would
é 0.0 be sufficient to find the optimized raindrop position.
£ 02 rl In order to verify that assumption, RIGSEC is performed
© 1 for a varying set of raindrop positions as depicted in Fig) 8(
047 Fig. 8(b) shows high sensitivity of the correlation resutis

06 these imprecise initial positions. However, after maximiz
rain drops o rain drops ing the CC values of each RIGSEC run by matching the
constructed environment within a small ROI, the raindrop
positions converge to the optimum (8(c)). As shown in
However, the goal was to develop a physically corredrig- 8(b) all CC values also converge to MaxCorr, which
model for relating the environment to the observed raindroig @ robust correlation measure even for imprecise position
candidate and getting accurate construction rather thaptad Of raindrop candidates.
ing the construction results to the undersampled, outofi$
raindrop observation. Due to the large number of raindrops 1 wcen MaxCorr ~ const
falling on the windshield, a 100% classification is not nekde  os
Thus, incorporating these steps is not neccessary for this .
W

Fig. 7. Correlation coefficient for true positives and fajgssitives

paper but will be future work for improving the application "’//""W'N"'

of RIGSEC. As depicted in Fig. 7, the correlation coefficient /%%%Wﬁ : itial bosit

is already distinct enough to decide on a raindrop candidate °*|¢f ////,%%@%6{2 ) (2) Initial positions
The task of raindrop detection from an in-vehicle camera ° K4 "”WW"\\\

is characterized by a disadvantegeous camera mountinge.

position very close to the highly tilted windshield and a

strong curvature of the refractive raindrop surface. Even

small changes in the initial raindrop candidate position ca

lead to less than optimal correlation results when RIGSEC is

run only once. This makes the algorithm highly dependent on

the initial positions of raindrop candidates. Since theffms Fig. 8. Robustness of RIGSEC with regards to inaccurateaimbsitions

O

(b) CC for initial position (curved) and (c) Optimized positions
optimized position (red plane)
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(c) Determination of environment points

Fig. 9.

(a) Correlation function for ROI

(d) ROI for raindrop matching

(b) Original (observed) raindrop

(e) Constructed raindrop

Results of proposed algorithm. (b) shows the obseragdirop. In (c), RIGSEC determines the environment mapped#éyblob had it been a

raindrop. (d) Matching the construction results leads tekact raindrop position deduced from (a). For demonstrggioposes, the scene is constructed

and placed at the raindrop position as shown in (e).

Fig. 9(d) shows the RIGSEC geometric scanning result$s]

for a (mislocated) raindrop candidate after a single rurhef t

algorithm. The constructed raindrop is then matched Within[4]

a small ROI as depicted in Fig. 9(b). It can be clearly seen

that the correlation function reaches its global maximum at®!

the precise raindrop position (Fig. 9(c)).

VI. CONCLUSIONS AND FUTURE WORK

A geometric and photometric approach was proposed fo
the determination of the environmental area refracted by gg]

raindrop on a car windshield. Intensity-based correlatas

6
2

then used for a reliable decision on the raindrop candidiate.

could be shown that our algorithm performs very accuratelyg)

and is robust in terms of imprecise initial positions which

makes it applicable even in combination with standard

candidate positions.

- 110
inf
terest point detectors that only provide inaccurate raipdr [11]

Future work includes reducing computational time for the

development of a real time add-in for DAS. In order to12]
emphasize the strength of our algorithm and to get a precise

guantitative measure for raindrop correlation, an exad¢t ou

of-focus blurring function as well as the determination

of
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