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Abstract Artistic augmentation of photographs with water droplets aims at generating aesthetic yet realistic images,

and thus differs from traditional augmented reality in two aspects. One difference lies in the adoption of a new image as

the environment map in order to render reflected or refracted effects on the surface of inserted water droplets. The other

difference is in modeling of water droplets including hanging droplets and resting droplets. These differences raise two

research challenges: 1) how to adjust the brightness and colors of the new environment map to maintain visual consistency

between the new environment map and the original input image; 2) how to model hanging and resting droplets aesthetically.

This paper proposes a framework that addresses these two challenges and demonstrates the effectiveness of our framework

by generating example augmented images.

Keywords artistic augmentation, augmented reality, illumination estimation, droplet modeling, image-based modeling

1 Introduction

Nature photography is usually taken outdoors and

puts a stronger emphasis on the aesthetic value of pho-

tos than other photography genres. In nature photog-

raphy, water droplets (droplets for short) resting on ob-

jects such as flowers and leaves or hanging from objects

such as tree branches make photos look vivid, alive,

and vibrant, as shown in Fig.1, where droplets glit-

ter like jewels under the sunlight. The droplets reflect

the sky and their surroundings, and thus enhance the

photo’s aesthetics and naturalness. However, capturing

the sparkle and shimmer droplets resting on objects is

not easy in an outdoor environment, because such vi-

sual effects depend heavily on the weather (after the

rain for instance), appropriate lighting and camera an-

gle.

(b)(a)

Fig.1. Droplets (a) resting on objects or (b) hanging from ob-
jects.

On the other hand, numerous photographs have

been taken with excellent lighting and composition, but

without droplets resting on or hanging from objects.

One may use image editing techniques to add droplet

images on these photographs using photo-enhancing

software, such as Photoshop. Since a droplet reflects or
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refracts the light coming from the environment, form-

ing a deformed image on the surface of the droplet, it

is usually hard to find droplet photographs with the

environment light consistent with those in the pho-

tographs without droplets. We can avoid this problem

by integrating different media, such as images (original

photographs) and graphics (3D virtual droplets), and

augment original photographs with 3D virtual droplets.

Such artistic augmentation of photographs offers many

possibilities for potential creative applications, such as

digital games and augmented reality. For instance,

we can manipulate the shapes and positions of virtual

droplets, or change the environment light, to obtain

stunning picture effects.

In this paper we propose a framework for artistic

augmentation of photographs with droplets. To our

knowledge, this is the first attempt in developing a

model directed toward this goal. To help users achieve

their imaginative visual effects, we offer a set of tools

for estimating the illuminating condition of the natural

scene in the original photograph, modeling droplets ei-

ther realistically or artistically, and changing the visual

information on inserted droplet surfaces. Our contribu-

tions include: 1) a novel approach for artistic augmen-

tation on an input image by using a new environment

map and rendering virtual droplets onto the image, and

2) tools for users to effectively model hanging and rest-

ing droplets aesthetically.

2 Related Work

Our work broadly falls into the area of rendering

virtual objects into photographs, and focuses on: 1)

accurate calibration, 2) geometric consistency, and 3)

estimation of lighting condition. Methods in this area

are driven by a large number of applications, ranging

from augmented reality to visual effects and product

visualization[1]. Our work is on artistic augmentation

of photographs, and bears similarities with rendering

virtual objects into photographs, such as the afore-

mentioned characteristics 1 and 3. It can be distin-

guished from this area as it offers editing features like

modeling droplets and changing the visual information

on droplets. To limit the scope, we could calibrate

the camera and recover the geometry of the scene by

using existing methods (see for example books[2,3] or

surveys[4,5] on the topic). Here we review two subjects

closely related to our work: estimation of lighting con-

dition and modeling of droplets.

2.1 Estimation of Lighting Condition

Estimation of lighting condition is necessary to

achieve visual consistency between virtual and real ob-

jects. Methods of estimating the lighting condition

could be divided into the following three categories.

The first category contains the methods that cap-

ture a physically accurate model of the lighting con-

dition in a scene. Debevec[6] putted a mirror ball in

the real world to obtain omnidirectional high dynamic

range (HDR) images. Via careful selection of exposure

times, apertures, and neutral density filters, Stumpfel

et al.
[7] discussed techniques for direct HDR capture of

the sky and sun illumination conditions in an outdoor

scene. Banterle et al.
[8,9] provided tools for expand-

ing low dynamic range contents for the generation of

HDR images by adopting inverse tone mapping algo-

rithms. An interactive interface named envyLight was

presented by Pellacini[10], on which users could quickly

adjust lighting features with a small set of editing ope-

rations. Recently, Debevec et al.
[11] proposed a light

probe design that obtains a full dynamic range of il-

luminations from a single exposure, and estimates the

intensity of multiple saturated light sources by solving

a simple linear system.

The second category of methods exploits proper-

ties of the human visual system to produce percep-

tually plausible illumination models. By transferring

color statistics[12], Reinhard et al.
[13] proposed a sim-

ple and easily implemented method for inserting vir-

tual objects into legacy photographs and videos. Khan

et al.
[14] presented a method for automatically replac-

ing one material with another by approximating the

incident illumination from a single HDR image. An al-

gorithm for multiple lights detection that leverages the

limitations of the human visual system was presented

by Lopez-Moreno et al.
[15], which could be adopted for

image composition and virtual object insertion. By as-

suming the scene in a box, Karsch et al.
[16] provided

an interaction-based approach. They created a phys-

ical model of the scene suitable for rendering virtual

objects with diffuse, specular, and even glowing ma-

terials while accounting for the interaction of lighting

between objects and the scene. Furthermore, improv-

ing the method of [16], Karsch et al.
[17] developed a

user-friendly system that inserts non-specular objects

into photographs of indoor scenes using the methods of

[18] and [19] to estimate illumination.

The third category focuses on estimating physical il-

lumination using the available prior information on the
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sky. Lalonde et al.
[20] used the Perez sky model[21] as

the prior information to estimate outdoor illumination.

Furthermore, combining with other scene features, such

as cast shadows, shading on vertical surfaces and con-

vex objects, Lalonde et al.
[22−24] developed methods

for estimating natural illumination environment from a

single image. Adopting a simple illumination model of

outdoor scene, Liu et al.
[25] assumed that the sun is a

directional light source and the sky is a uniform area

light source, thereby the illumination can be estimated

with the illumination related statistical parameters or

basis learned from sample images. Liu and Granier[26]

adopted the same assumptions, and took spatial and

temporal coherence of illumination to recover illumi-

nation from videos captured by moving cameras. Re-

cently, Xing et al.
[27] proposed a framework which sim-

ulates the environment illumination and projects com-

plex shadows on the ground of the real scene to the

surface of the virtual object.

Most photographs with droplets resting/hanging on

objects are taken at a close range or with a long focal-

length len, and thus only a little scene is included in the

image. While droplets in the scene may reflect/refract

other objects in the environment that are outside of the

image, we need to select a new image as the environ-

ment map so that objects in the new environment map

can be reflected/refracted on the droplet surfaces.

2.2 Modeling of Droplets

In most applications of rendering virtual objects

into photographs, 3D virtual objects inserted into real-

world images are rigid; thus their shapes remain un-

changed in the scene. A water droplet is a small col-

umn of liquid, whose shape may vary in a considerable

range when interacting with the surface of other ob-

jects. It is therefore necessary to model droplets with

proper shapes according to where they are inserted in

the image. Most previous models of droplets do not

address this issue, since they serve other applications,

such as animations. In order to present or calculate

deformations of droplets caused by interactions with

other objects, both droplets and other objects must be

modeled in 3D. In our work, droplets are always static,

and we therefore only review the work on droplet mod-

eling, and omit those studies on physically-based fluid

simulation.

The earliest droplet model is called metaball

model[28], which is defined by a few simple constraints,

and allows for simple free-form deformations. O’Brien

and Hodgins[29] presented a method for modeling wa-

ter spray using a particle system. Murta and Miller[30]

developed several approaches to establish a means of

portraying dynamic liquid behaviors, such as pouring

and splashing within synthetic scenes. A method for

modeling flowing droplets using a mass-spring system

with the surface tension and volume conservation con-

straints was presented by Fournier et al.[31] In order to

animate droplets and their streams on a glass plate re-

alistically in a high speed, Kaneda et al.
[32,33] proposed

a discrete surface model of a glass plate and an efficient

rendering method taking into account reflection and re-

fraction of light. Later, Yu et al.
[34] modeled static

droplet shapes on flat surfaces using the metaball con-

cept, and Tong et al.
[35] presented a volume-preserving

approach for liquids modelled by metaball.

Our goal is synthesizing realistic images and seam-

lessly merging 3D virtual droplets into real-world scenes

in the form of 2D photographic images. To make vir-

tual droplets look as natural as in the real world, we

must take into account the objects on which hang-

ing or resting droplets are added when modeling the

droplets’ shapes. Also, the artistic augmentation of im-

ages with droplets may require droplets in a large quan-

tity, thereby we aim at providing users with a simple

means of generating droplet models in such a situation.

3 Approach Overview

The overall architecture of our framework is pre-

sented in Fig.2. The first part of our framework in-

cludes illumination condition estimation and environ-

ment map adjustment. The first stage of this part

is geometry and sunlight estimation (the green box).

This includes estimating the scene depth or approx-

imating objects with simple models, and estimating

camera parameters and the direction of sunlight. The

next stage is material and illumination initialization

(the light blue box), i.e., initializing parameters of sun-

light, environment light and scene materials by solving

a linear equation system of the illumination model. We

then recover the final parameters of sunlight, environ-

ment light and scene materials by an iteration proce-

dure, starting from the initial parameters (the dark blue

box). In the stage of environment map adjustment (the

gray box), we select a new image as the environment

map, and adjust the brightness and colors in the en-

vironment map with the radiance of the environment

light estimated from the input image.

The second part of our framework is modeling of
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Illumination Condition Estimation and Environment Map Adjustment

Droplet Inserting and RenderingDroplet Modeling

Geometry & Sunlight
Estimation

Hanging Droplet
Modeling

Resting Droplet
Modeling

Inserting
Droplet Models

Material & Illumination
Recovery

Material & Illumination
Initialization

Environment Map
Adjustment

Rendering
Inserted Droplets

Fig.2. Framework for artistic augmentation of photographs with water droplets.

droplets. The framework offers two means for generat-

ing 3D droplet models. One is hanging droplet mod-

eling based on geometric constraints (the pink box).

The other is resting droplet modeling based on binary

images of strokes with droplet shapes drawn (the red

box).

The third part of our framework includes inserting

3D droplet models (the yellow box) and rendering the

inserted models with the adjusted environment map

(the white box). The following sections describe our

system in detail.

4 Estimation of Illumination Conditions

In most applications of rendering virtual objects

into photographs, estimating illumination conditions in

a real-world scene aims at rendering virtual objects with

shading and shadows consistent with the lighting con-

ditions. Once the environment light is obtained from

the real-world scene, it is used as an environment map

to render the virtual objects. As suggested in [36],

most of real-world surfaces exhibit a mixture of inter-

face reflection (specular reflection) and body reflection

(diffusion reflection). To estimate outdoor illumination

conditions[22,27,37], we can use the following model. For

a point p in the scene of the input image I, if we model

the sunlight as the directional light with irradianceEsun

and direction l, and the environment light as the am-

bient light with irradiance Eenv
p at point p, the trichro-

matic (R,G,B channels) color of point p could be ex-

pressed as

Ip = (ρp(np · l) + kp(np · hp)
αp)ssunp Esun +

ρps
env
p Eenv

p , (1)

where ssunp ∈ [0, 1] and senvp ∈ [0, 1] are the sunlight oc-

clusion coefficient and the environment light occlusion

coefficient respectively, ρp is the diffuse coefficient, kp
and αp denote the specular properties, np is the surface

normal at p, and hp denotes the half-vector between l

and the viewing direction.

Some of the recent studies aimed at recovering

whole-environment map based on a single image[38−40].

They, however, usually require the input image I to

cover large portions of the scene[22]; thus they are un-

suitable for our applications where only a small portion

of the scene is covered in I (because input images are

usually taken at a close range or with a long focal-length

len). Considering that the virtual droplets may reflect

large portions of the scene uncovered in the image, we

use a new image I ′ to construct the environment map.

However, mismatches of brightness and colors between

I ′ and I may cause rendered droplets with brightness

and colors inconsistent with those in I. It is thus nece-

ssary to adjust the brightness and colors of I ′ to ensure

the illumination and color consistency between I ′ and

I. We propose a simple solution to this problem as

described below.

Our idea is to first estimate the irradiance of the

environment light (Eenv
p in (1)) in the scene from the

cues of the input image I, and then adjust the bright-

ness and colors of I ′ using the estimated Eenv
p .

4.1 Geometry Estimation

To insert natural-looking droplets into photographs,

we need to calibrate the camera and estimate the coarse

geometry of the scene (depicted in the photograph) to

model lighting effects. The camera could be calibrated

by using the method proposed in [41]. To estimate the

coarse geometry, considering that objects in the input

image are usually simple in structure, such as the lotus

bud, lotus leaves and tree branches, we can use simple

models, such as a spindle shape, a plane, or a cylinder,



1298 J. Comput. Sci. & Technol., Nov. 2019, Vol.34, No.6

to approximate their 3D structures. Once a model is

adopted, the surface normal np in (1) can be obtained

as shown in Fig.3.

(b)

(a)

Fig.3. Approximating the 3D structures using (a) simple models
and (b) corresponding normal maps.

4.2 Sunlight Direction Estimation

The sunlight direction should be estimated from the

input image I so that virtual droplets could be rendered

with consistent shading and shadows. Although an au-

tomatic approach was proposed by Lalonde et al.[23] to

estimate the sun’s position based on a single outdoor

image using Perez’s sky model, it requires sufficient

cues, such as the sky, shadows, and multiple vertical

planes (e.g., buildings and walls) in the scene, to make

a reasonable estimation. In our applications, the input

image, typically of a small scene, is assumed to contain

limited or no cues, thereby we ask the user to estimate

and adjust the direction of sunlight l in (1) interactively

by observing the generated results.

4.3 Material and Illumination Initialization

In many cases including both sunny days and cloudy

days, it is reasonable to assume that the environment

light is distributed uniformly[25,42,43]; thus we have

Eenv
p = Lenv

∫

Ω(np · eω)dω, where Ω is the hemisphere

above p, Lenv is the radiance of the incident light, and

eω is the unit vector of direction ω. Let Cp denote the

known part, Cp =
∫

Ω
(np · eω)dω, then Eenv

p = LenvCp.

Our applications involve materials of weak specu-

lar reflectance, such as lotus leaves and tree branches.

Similar to Boivin and Gagalowicz’s method[44], we start

the algorithm by assuming the surface to be perfectly

diffused when obtaining the initial illumination para-

meters Esun
0 , Lenv

0 , and a material parameter ρp,0. The

final parameters of illumination and materials are then

obtained by an iteration procedure described in Sub-

section 4.4.

Ignoring the specular component in (1), we could

simplify the illumination model as

Ip = (np · l)ρps
sun
p Esun + ρps

env
p CpL

env, (2)

where the surface normal np and the sunlight direction

l are known (Subsection 4.1 and Subsection 4.2 respec-

tively). We set the occlusion coefficients with ssunp = 1

and senvp = 1 as suggested in [26]. The remaining un-

known variables in (2) are Esun, Lenv and ρp. Inspired

by Bousseau et al.’s work[45], we let the user choose

points in the scene I which share the same material

(i.e., the same ρp) using a brush tool as shown in Fig.4.

When n points are chosen and put into Φ, there are

3n equations (in R, G, B channels respectively). The

number of unknown variables is reduced dramatically

since the points chosen share the same material.

(b)(a)

Fig.4. The user-drawn blue strokes indicate that the covered
points in the scene share the same material. The recovered dif-
fused albedo of points of the leaves is shown in (b).

Furthermore, to improve the estimation accuracy,

we employ additional constraints, such as Esun(R) >

Esun(G) > Esun(B) for the sunlight, and Lenv(R) <

Lenv(G) < Lenv(B) for the environment light, as sug-

gested in [27]. The initial illumination parameters Esun
0

and Lenv
0 , and the material parameter ρp,0 can be ob-

tained by solving this linear system of equations using

linear constrained least squares.

4.4 Material and Illumination Recovery

To calculate the material parameters (ρp, kp and

αp) in (1) by the information provided by the points in

Φ, we set αp to 1 and assume that the specular proper-

ties of the surface covered by points in Φ change slowly.

Using the initial illumination parameters obtained in

Subsection 4.3, we solve ρp and kp by the following ite-

rative objective function:

arg min
ρp,i,kp,i

∑

p∈Φ

|Ip,i − Ip|
2 + γ1mp,i|∇ρp,i|

2+

γ2|ρp,i − ρp,i−1|
2 + γ3|∇kp,i|

2

subject to 0 6 ρp,i 6 1, 0 6 kp,i 6 1,

(3)
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where γ1, γ2, γ3 are weights, and set to 5.0, 3.0, 5.0

respectively through experiments. mp,i is defined as

mp,i = 1−1/(1+e−s(|∇Ip,i|
2−c)) with settings s = 10.0,

c = 0.15 to penalize the pixels with large gradient

magnitudes[16]. The first term ensures Ip,i to conform

with Ip, the second term enforces the smoothness of

albedo, and the remaining terms ρp and kp are piece-

wise constants.

Next we update the illumination parameters (Esun

and Lenv) in the illumination model defined in (3) to

obtain ρp,i and kp,i. Similar to the estimation of the

environment light in Subsection 4.3, adopting the color

constraints again, we plug ρp,i and kp,i into the follow-

ing iterative objective function

arg min
Esun

i
,Lenv

i

∑

p∈Φ

(ρp,i(np · l)+kp,i(np · hp)
αp)×

ssunp Esun
i + ρp,is

env
p CpL

env
i − Ip

subject to Esun
i (R) > Esun

i (G) > Esun
i (B),

Lenv
i (R) < Lenv

i (G) < Lenv
i (B).

(4)

The illumination parameters Esun
i and Lenv

i in the i-th

iteration could also be instantiated by the method of

linear constrained least squares. Let erri = |Esun
i −

Esun
i−1|

2 + |Lenv
i − Lenv

i−1|
2 indicate the error between two

iterations and T denote the threshold. The iteration

terminates when erri 6 T and the final estimated para-

meters (ρp, kp, E
sun and Lenv) are obtained. The al-

gorithm for recovering the material and illumination

parameters is given in the following pseudo-code (see

Algorithm 1).

Algorithm 1. Iteration of Illumination and Material
Recovering

Input: initialized parameters Esun
0 , Lenv

0 and ρp,0

Output: final material parameters ρp, kp and illumination in-
formation Lenv , Esun

for: i ⇐ 1; erri > th; i ⇐ i+ 1 do

ρp,i, kp,i ⇐ Solving (3) with Esun
i−1, Lenv

i−1 and ρp,i−1 as
input

Esun
i

, Lenv
i

⇐ Solving (4) with ρp,i and kp,i as input

erri ⇐ |Esun
i − Esun

i−1|
2 + |Lenv

i − Lenv
i−1|

2

end

4.5 Environment Light Adjustment

Next, we select a new HDR panorama image as the

environment map, and adjust its brightness and colors

with the radiance of the environment light Lenv (ob-

tained in Subsection 4.4) in the input image I. We

construct a temporal scene to have the same geometry

and Eenv with those in I but with a new environment

light distribution L′env
p in I ′. The irradiance of en-

vironment light at point p in this temporal scene is

E′env
p =

∫

Ω(p)
L′env
p (ω)(np · eω) dω, where Ω(p) is the

upper hemisphere, and eω is the unit vector of direc-

tion ω. The integral can be approximated by adopting

spherical harmonics Ylm
[46], with l > 0 and −l 6 m 6 l,

where l is set to 2, as suggested in [47, 48], and E′env
p

can be represented by

E′env
p =

∑

l,m

ÂlLlmYlm(np), (5)

where Âl =
√

4π
2l+1Al in which Al is related to coeffi-

cient A = (np · eω), and given numerically in [49]. Llm

are the lighting coefficients in the spherical harmonic

basis function (5),

Llm =

∫ π

θ=0

∫ 2π

φ=0

L(θ, φ)Ylm(θ, φ) sin θ dθ dφ,

where θ is the zenith angle, and φ is the azimuth an-

gle. The integrals could be viewed simply as the sum

of the pixels in the environment map I ′, weighted by

the functions of spherical harmonics Ylm(θ, φ).

We calculate a parameter µ by the following objec-

tive function:

argmin
µ(λ)

∑

p∈Φ

|µ(λ)E′env
p (λ)− CpL

env(λ)|2,

where λ denotes the R, G, B channels. We then adjust

the brightness and colors of I ′ by multiplying every

pixel in I ′ by µ to obtain a new image which could

be used as the environment map to render the virtual

droplets. Fig.5 shows the synthetic images adopting I ′

as the environment map with and without the color and

brightness adjustments.

(b)(a)

Fig.5. Comparison of rendered water droplets (b) with and (a)
without adjustments of brightness and colors in the environment
map.

5 Droplet Modeling

Our goal is to synthesize realistic images and seam-

lessly merge 3D virtual droplets into real-world scenes

in the form of 2D photographic images. In most cases,
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droplets either rest or hang on other objects, and thus

exhibit different shapes influenced by the water surface

tension and gravity. Here we simulate droplet shapes

by simple models and start from the hanging droplet

model.

5.1 Hanging Droplet

We construct an initial droplet model as a hemi-

sphere characterized by m radial slices, and n horizon-

tal circular cross sections, with a radius r set at level 1,

and the apex point, as illustrated in Fig.6. The model

consists of mn+ 1 points, represented by the spherical

coordinates q(r, α, β). Next we describe how to deform

this initial droplet model to obtain the shape of a hang-

ing droplet.

α

β

Apex Point

Level n

Slice m
Slice  Slice  Slice 

Level i

Level 

Level 

q

Fig.6. Initial un-deformed hanging droplet model.

Accurate modeling of hanging droplet shapes is dif-

ficult, because a hanging droplet is produced when equi-

librium is attained between the interfacial energies (liq-

uid, air and solid surface) and gravity, and its shape

also depends on its size[50]. Based on our observation

of hanging droplets in artistic photography, we deform

the outline of our initial droplet model into a bell-

shaped curve, as illustrated by the red line in Fig.7(a).

This bell-shaped curve can be approximated simply by

ri = | r
π
arcsin(2 cosα − 1) − r

2 |, where ri is the radius

at the i-th level, as illustrated in Fig.7(b).

Level i

Level 

Level 

Level  r

ri

(b)(a)

...

Fig.7. Deformed hanging droplet model. (a) A bell-shaped
model. (b) Cross section of the bell-shaped model.

To enable user control over the hanging droplet

shape, such as a vertically elongated droplet, we use

a parameter wi = 1 + (ǫ − 1) cosαi, ǫ ∈ [1, 2] to adjust

the radius at each level, i.e., ri = wi|
r
π
arcsin(2 cosα−

1)− r
2 |. The smaller the value ǫ is, the longer the droplet

becomes, as shown in Fig.8.

(b)(a) (c)

Fig.8. Droplets hanging from the surface with following para-
meter settings: (a) ǫ = 2.0, (b) ǫ = 1.6, and (c) ǫ = 1.2.

5.2 Resting Droplets

Modeling droplets resting on other objects is also

a very challenging task, because the droplet shapes de-

pend on the static contact angle and droplet volume[51].

A droplet’s shape is of great relevance to the interaction

of the droplet with the interface. Small droplets have

spherical or hamburger bun shapes, but as they grow

larger and rest on an irregular surface, their interaction

with the interface becomes stronger, leading to irregu-

lar droplet formation[52]. Our goal is the artistic aug-

mentation of photographs, which may contain a large

number of droplets, thereby traditional droplet model-

ing methods are laborious and time-consuming in such

situation.

Inspired by [53] and [54], we propose a simple image

based approach for modeling resting droplets. Com-

pared with 3D modeling of droplets, it is easier for users

or artists to draw strokes of different shapes in 2D.

Our user interface allows users to input a binary

image Is drawn with white strokes, as shown in white

regions in Fig.9(a). Next, we apply distance transfor-

mation to those white regions in Is to obtain a dis-

tance map (Fig.9(b)). However, such a distance map

cannot be used straightforwardly as the height map

of droplets, because the gray values of the points in-

side white regions are changed to show linear slopes

of ridges in the distance map (better seen in its corre-

sponding mesh model, in Fig.9(c)). In order to make

those ridge slopes look curvy in the height map so that

the heights of droplets can be approximated naturally,

we raise the grey value of each point in the distance

map to the power of n, and the resultant image Ih is

shown in Fig.9(d) with parameter settings from left to
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right: n = 2, n = 3, n = 4. The larger n is, the flatter

the droplet becomes. We set n = 4 as default through

experiments. In order to smooth ridges in Ih (better

seen in Ih’s corresponding mesh model (Fig.9(e)), we

apply the Gaussian filter to Ih and obtain Ig as shown

in Fig.9(f). To remove the “leakage” outside of the

stroke shapes caused by the Gaussian filering, we em-

ploy Is as a binary mask, and perform the operation

I ′g = Ig ⊙ Is, where ⊙ is the Hadamard product. Fi-

nally, we convert the height map I ′g to mesh models and

render these models to obtain droplets with different n

settings, as shown in Fig.9(h).

(b)

(a)

(c)

(d) (e)

(g)(f)

(h)

Fig.9. Image-based droplet modeling. (a) Hand-drawn droplet
shapes. (b) Distance map of white regions in (a). (c) 3D droplet
models corresponding to (b). (d) Raising the grey value of each
point in (b) with the following parameter settings from left to
right n = 2, n = 3, n = 4. (e) 3D droplet models corresponding
to (d). (f) Resulting image of (d) smoothed by a Gaussian filter.
(g) 3D droplet models corresponding to (f). (h) Rendered 3D
droplets.

6 Adding Virtual Droplets

Artistic augmentation of photographs with droplets

requires various input parameters, such as the number,

sizes and shapes of droplets, and their locations in the

given scene. When proper virtual droplets are added

into the input image I using Debevec’s method[6], we

render them by V-Ray renderer 1○ to obtain two im-

ages. One image Iaug contains the scene augmented

with droplets, the other image Inaug contains the origi-

nal scene, and both are illuminated by the sunlight and

environment light. Let M be an object mask which is a

scalar image equaling 0 on pixels outside the projected

area of droplets, and (0, 1] on other pixels. The final

synthetic image If could be generated by

If = M ⊙ Iaug + (1−M)⊙ (Iaug + I − Inaug).

7 Results and Discussions

Our system is implemented using Microsoft Vi-

sual C++, OpenGL Mathematics, GNU Scientific

Library 2○, Qt 5.70, and runs on a PC with 3.3 GHz

CPU (Interr Core i5-4590), 16 GB memory and

NVIDIA GeForce GTX 960. This section shows sev-

eral examples of artistic augmentation of images with

droplets. In the first three examples we add virtual

droplets on photographic images and the last example

presents a different visual effect created by our droplet

augmentation method.

Fig.10 shows an example in which we add virtual

droplets to the lotus leaves originally without droplets.

The virtual droplets are rendered with the environ-

ment map shown at the bottom left corner of Fig.10(a).

Those rendered droplets are sparkle and their shadows

are cast on lotus leaves.

(b)(a)

Fig.10. Artistic augmentation of lotus leaves with droplets. (a)
Input image without droplets and the environment map at the
bottom left corner. (b) Augmented lotus leaves with droplets.

In the second example we add virtual droplets on

the lotus bud (Fig.11). In this example, we use a cylin-

der to approximate the 3D structure of the lotus stalk.

In the stage of illumination recovery, we choose a few

points of the same material on the lotus stalk in the

image to estimate the illumination condition. We then

1○Group G. V-ray. https://www.chaosgroup.com/vray/sketchup, March 2018.
2○GNU. Gls. http://www.gnu.org/software/gsl, March 2018.
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take a spindle shape to approximate the geometry of the

lotus bud and add a few droplets on the lotus bud sur-

face. We finally render those added droplets with the

environment map shown at the bottom left corner of

Fig.11(a) (sunset with clouds above the sea). Fig.11(b)

shows the augmented lotus bud.

(b)(a)

Fig.11. Artistic augmentation of the lotus bud with droplets.
(a) Input image without droplets and the environment map at
the bottom left corner. (b) Augmented lotus bud with droplets.

Fig.12 presents the third example in which we add

droplets hanging from branches. In this case, it is un-

necessary to know the whole geometry of branches,

because we only need to recover a small part of the

branches’ geometry (in Fig.3) to estimate the environ-

ment parameters. We then place hanging droplets in

the desired positions in the input image (Fig.12(a)),

and render them using the environment map shown at

the bottom left corner of Fig.12(a). Please note that

hanging droplets refract rather than reflect the environ-

mental lighting, thus forming an up-side down image of

the environment map on the droplet surfaces, as shown

in Fig.12(b) and Fig.12(c).

(b)(a)

(c)

Fig.12. Artistic augmentation of tree branches with hanging
droplets. (a) Input image without droplets and the environment
map at the bottom left corner. (b) Augmented branches with
droplets. (c) Enlarged local view of (b).

To measure the time involved in the user interac-

tions, we conduct a user study to evaluate the average

time spent on interactions, such as geometry estima-

tion, sunlight direction estimation, illumination recov-

ery and adding droplets. Twenty volunteers (14 male

and 6 female, aged of 20–27) are recruited for this task.

Our test adopts three different scenes (lotus leaves in

Fig.10, the lotus bud in Fig.11 and tree branches in

Fig.12), and the average time spent on those interac-

tions is shown in Table 1. For the scene of the lotus bud,

users take a longer time on the step of adding droplets

because more droplets need to be added. Nevertheless,

the duration for these interactions is reasonable for AR

applications.

Table 1. Average Time Spent on Interactions

Geometry Sunlight Illumination Adding

(s) Direction (s) (s) Droplets (min)

Fig.10 2.4 23.5 61.2 < 1

Fig.11 11.7 31.6 57.7 < 4

Fig.12 6.1 27.8 64.8 < 1

We also adopt different HDR panorama images as

the environment map for the same input image as

shown in Fig.13(a), so that different environment maps

could be reflected or refracted on the droplet surfaces.

Thus our method extends the design space for users to

select different environment maps as desired to obtain

stunning effects. Although in Xing et al.’s method[27],

the sky model[21] could be added when the input im-

age has a large open area, such as land or water, the

rendered droplets reflect or refract mainly the visual in-

formation in the sky, as shown in Fig.13(b), which looks

rather dull and uninteresting compared with previous

three rendered results.

Apart from the artistic augmentation of photo-

graphic images, our system is also able to generate spe-

cial visual effects, which requires only a hand-drawn

template, as demonstrated by the following example.

According to the principle of similarity in Gestalt

theory[55], the perception lends itself to seeing stim-

uli that physically resemble each other as part of the

same object, and stimuli that are different as part of

a different object. It is possible then for us to use

droplets of distinctive sizes to depict different objects in

an image, as demonstrated by an example in Fig.14(d).

The figure depicts decorative tree images on a window

glass by three kinds of stimuli: tiny droplets suggesting

foggy effect on the glass, bigger droplets depicting sev-

eral tree trunks, and the blank space depicting several

thick trunks and leaves.
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Fig.13. Visual comparison with Xing et al.’s method[27]. (a) Synthetic images and corresponding enlarged parts by our method with
different environment maps. (b) Synthetic images and corresponding enlarged parts by Xing et al.’s method[27].

(b)(a) (c)

(d)

Fig.14. Decorative tree images depicted with droplets of varying
sizes on a window glass. (a) Hand-drawn template of decorative
tree images. (b) Gloss map of the window glass. (c) Input back-
ground image. (d) Final rendered result.

In this example, we first ask an artist to draw a tem-

plate of decorative tree images, as shown in Fig.14(a),

in which black, gray and white regions can be used as

sub-templates denoted by Tb, Tg and Tw, respectively.

Taking gray regions for instance, we generate a random

dot like a stroke pattern of proper sizes in a window

of the same size as the input scene picture and denote

it as Pg. We perform the Hadamard product between

Tg and Pg to obtain a stroke pattern depicting shapes

of gray regions in Fig.14(b). The resulting stroke pat-

tern is then converted into the droplet model using the

method described in Subsection 5.2. For black regions

in Fig.14(a), we place random dots as tiny droplets

in them. We leave white regions in Fig.14(a) without

painting anything on them.

During the rendering phase, we place a night scene

image as the background (Fig.14(c)), and render the

droplet models in the gray regions in Fig.14(a) with a

few simple lights. To reduce the rendering time, we do

not convert random dots in the black regions into mesh

models. Instead, we take random dots as the gloss map

to set the refraction glossiness for the window glass.

The gloss map for white regions is in black, indicating

that no refraction occurs. After these regions are ren-

dered, we synthesize them with the regions of droplets

to obtain the final result (Fig.14(d)).

A user study was conducted to evaluate whether the

artistically augmented photographs look better than

the original photographs. Forty volunteers (24 male

and 16 female, aged between 20 and 27 ) were recruited
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as the subjects for this task. Our test adopted five

different scenes (the first four are shown in Figs.10–

14 respectively, and the fifth is shown in Fig.15(b)),

which were presented in a randomly permuted order.

For each scene, the original image and the synthetic im-

age produced by our method were demonstrated, and

image placement was also randomized. The subjects

were asked to select the image that looks more artistic

and appealing. The results of the user study are shown

in Fig.15(a), revealing that the majority of users think

that synthetic images with droplets are more artistic

and appealing than the original ones.
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Fig.15. We propose a user study to evaluate whether the ar-
tistically augmented photographs look better than the original
photographs. (a) Results of the user study. For each scene, the
bars of two different colors represent the percentage of users who
select more artistic and appealing images between the original
(blue) and synthetic (red) image. (b) The 5th scene in the user
study.

8 Conclusions

This paper presented a novel approach to artistic

augmentation of photographic images with droplets.

Our work differs from traditional methods in that the

environment map cannot be constructed straightfor-

wardly from the input images. We instead selected a

new image to construct the environment map and stu-

died a key problem arising from the change of the envi-

ronment map — ensuring the illumination consistency

between the new environment map and the original in-

put image. We proposed a method of environment map

adjustment by using the radiance of the environment

light estimated from the input image.

Furthermore, we proposed two means for generat-

ing 3D droplet models: one is hanging droplet modeling

based on geometric constraints, and the other is rest-

ing droplet modeling based on binary images of strokes

with droplet shapes drawn.

Potential applications of our work range from ad-

vertisements, posters, postcards, packaging, gaming, to

special effects in digital art. As future work, we plan to

augment images by animating virtual droplets, and this

requires the recognition of objects and moving droplets

along the recognized objects.
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