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ABSTRACT uniform-color Lambertian surface, and texture orientatioe
Detection of planar surfaces in a generic scene is difficulf€duireés homogeneous texture on a surface. Both shadows

when the illumination is complex and less intense, and th&nd silhouettes can be easily confused with the non-uniform
surfaces have non-uniform colors (e.g., a movie poster). A0lor on a surface, e.g., shadow within a poster. Specylarit
a result, the specularity, if appears, is superimposed tith 1S thg mtense_ reflection of scene _|Ilum|_nat|on from a S.LEfE.lC
surface color pattern, and hence the observation of uniforrind is @ function of the surface orientation, when the vigwin
specularity is no longer sufficient for identifying planars ~angle and the illumination direction are known. As speeular
faces in a generic scene as it does under a distant point ligly Pértains to the illumination color, it can be more separa
source. In this paper, we address the problem of planar sup!€ from a non-uniform color surface which is common in a
face recognition in a single generic-scene image. In particeneric scene. There are various techniques to decompose an
ular, we study the problem of recaptured photo recognitioff"@ge into a diffuse component and a specular component,
as an application in image forensics. We discover that th§Ven on & non-uniform color surface [2, 3, 4].

specularity of a recaptured photo is modulated by the micro- It was long known that specularity is uniform on a planar
structure of the photo surface, and its spatial distrisutian ~ surface [5], under a distant point light source. Howeves thi
be used for differentiating recaptured photos from theiorig clue becomes clouded in the generic scene when the illumi-
nal photos. We validate our findings in real images of generigation is complex and less intense, and the planar surfaees a
scenes. Experimental results show that there is a disshgui 0f non-uniform color (e.g., a movie poster). In [6], Blake de
able feature of natural scene and recaptured images. Gigen tveloped a stereo method to recover object geometry but the
definition of specular ratio as the percentage of specylarit Method requires two images of the object from different view
the overall measured intensity, the distribution of spactd- ~ Points. In [7], specularity information is used to match &r o

tio image’s gradient of natural images is Laplacian-likdlesh ject in an image to a database of 3D object models. In [8], a
that of recaptured images is Rayleigh-like. study on how the specularity on a glossy surface provides con

straints on the possible shape is conducted. However,all th
“above-mentioned methods are not sufficient for planar serfa
recognition in a generic scene.

1. INTRODUCTION In this work, we study a specific problem of planar surface
recognition, that is distinguishing an image from its recap
Identifying planar surfaces in a single generic-scene gmag tured. A recaptured image is obtained by photographing the
important for image scene understanding, object recagniti print-out of the image on a paper. Itis a specific type of plana
and image forensics. With this capability, an image resiev surface and, in this work, we assume the recaptured part oc-
system can retrieve poster images regardless of theirmisnte cupies the entire image and hence no segmentation is needed.
a scene understanding system can better classify the geon@ur algorithm first decomposes an image into a diffuse com-
try of a scene, and an image forensics system can detect ngenent and a specular component using the technique in [3].
broadcast attacks on a biometric identification system. ReéA/e find that the specular component on the recaptured sur-
cently, a set of images of a tiger, which is believed to belondace contains some high-frequency spatial variationsckvhi
to an extinct species, has been in the spotlight in China [1can be related to the micro-structure of the printing swfac
Hypothesis has it that they are photos of a planar tiger atit-o We propose &ascaded dichromatic model to model this phe-
While checking homography is a way to verify this hypoth-nomena. We further define an objective measure to describe
esis on the set of images, our work forms the first step of athis distinct spatial feature. To eliminate the brightndiffer-
alternative method using scene specularity. ence due to the different linear scaling in the original arel t
There are various monocular cues for estimating geometmecaptured, we compute the ratio of the specular image and
from a scene: shading, specularity, texture orientatibads the input image. Then, we are able to show that the distribu-
ows, silhouettes and so on. Shading cue is only reliable faiion of the ratio image’s gradient has a distinguishablenfor

Index Terms— Image forensics, recaptured photo detec
tion, dichromatic reflectance model, specularity



for the original and recaptured image.

The main contribution of our work is on showing the
physical difference between an original image and its recap
tured in their specular component. We relate this physical
phenomena to the property of the printing surface and model (s) Original image. {b) Diffuse image. (€) Specular image.
it using a cascaded dichromatic model. Furthermore, this
finding also suggests that the physical property of a surfackig. 1. Separation of specular reflectance on a complex scene.
can be examined through the specular component of the
surface image. There are works on measuring the fractal 3. PROPOSED METHOD
dimension of a surface from its 2D intensity image [9], but . .
analyzing the specular component of an i};nagegcaEn] be a:?‘[l' Cascaded dichromatic model
alternative way to analyze a surface. Our proposed method for detecting recaptured images is

In Sec. 2, we introduce the dichromatic reflectance modebased on the physical modeling of a recapturing process.
and the technique to separate specular reflectance. In SecV8hen a natural scene is first captured, the scene radiance
we propose a cascaded dichromatic model for recaptured inmeasured by a camera consists of a diffuse component and a
ages. Experimental results are given in Sec. 4 on both thgpecular component from the objects in the scene (assuming a
natural-scene original images and their recaptured countedichromatic model). For recapturing, the natural-scersgien
parts. Finally, conclusions and future work are givenin.Sec is printed on a paper or other printing medium, which is in

turn recaptured by a camera under a probably different-light

2. BACKGROUND ing condition. In this case, the recaptured scene radiaate c
be considered as a superposition of a diffuse component due
2 1. Dichromatic Reflectance Model to the non-uniform color of the original photo, and a specula

component reflected from the photo paper surface. We model

In natural scenes, a wide range of surface reflectance can ¥ recaptured image using a cascaded dichromatic model.
considered as a linear combination of diffuse and speculdr€t /1 = caila + a1l (refer Eq. 1) be the original image.
components. These surfaces includes plastics, cloth, num¥Ve consider; form the diffuse component of the recaptured
skin, leaves, and wood. In [10], a dichromatic model is proiMage. Hence, the cascaded model for a recaptured ifage
posed to model this type of surfaces, where the scene ragliant@n be expressed as:

of a surface point is given by I, = cgoli + coolan

(cazcarlar) + (cazcsilsr + cs2ls2) (2)

I =cyly+csls (1)
Note that the second part of Eq. 2, i.€:42¢s1 151 + cs2ls2),
whereI([I,, I, I5]) is the RGB color vector measured by a corresponds to the specular component of a recaptured image
linear cameral, andl, are respectively the diffuse and the and is a superposition of the original image specularity and
specular color, while, andc, represent the reflectance coef- the specularity of the photo paper. From the model, we ex-
ficients for the diffuse and the specular componentsand ~ Pect that the specular component of a recaptured image will

cq depend on surface geometry and material properties. Mofe distinguishably different from that of the original ineag
details about the model can be found in [10]. We will validate this effect in Sec. 4. In the model, we in-

tentionally leave out the 2D perspective transformatiothen
recaptured image so that the effect of the superposed specul
component can be more clearly illustrated.

Basedona dichrom_a_ltic mode_l, the specular componentcan ey Specular Ratio

separated by exploiting the differences between specathr a

diffuse components in color space. In our work, we use thd he intensity level for an original image and its recaptured
method proposed by Tan et al. [3] which is demonstrated t6an be very different due to the probable dissimilar imaging
be robust for images of complex scene and textured surfaceg@ndition. Then, comparing the value of the specular com-
Fig. 1 shows an example of diffuse-specular decompositioponent may not be always meaningful, as it dependent on the
for a complex-scene image. Fig. 1 (b) and Fig. 1 (c) give théntensity scaling. Therefore, we introduce a relative dityan
diffuse and specular components of the image in Fig. 1 (a). calledspecular ratio to represent specularity in an image:

There are a few assumptions for the method in [3]. First, re = 1I,/1 ©)

. . . - . . . s — S
the illumination is of uniform color. Second, there is nceint
reflection in the scene. However, as shown in [3], the method/herel; andl are the specular and inputimagesmeasures
works even when the assumptions are not strictly satisfied. the proportion of specularity in the overall measured isign

2.2. Separation of specular reflectance
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Fig. 2. The flow-chart of proposed method.

hence it is invariant to the intensity scaling.

4. EXPERIMENTS

T (d) H\Stograr.ﬂ 5n tﬁe gr‘adlem of Svpe"cu"\anr ratio \m"aglea of Iho‘ae‘m"th"e vﬂrél 'ro;v .

4.1. On Natural-scene Images

In this section, we will validate the effect of superposedlcsp  Fig. 3. Specularity analysis of images from natural scene.
ular component for a recaptured image, as indicated by the
cascaded dichromatic model in Sec. 3. The evaluation is per-
formed using natural-scene original images obtained under
various illumination environment, including indoor ligig

and outdoor sunlight, whereas the recapturing is performed
with a viewing direction orthogonal to the print-out of the
original images under a white indoor area light of an medium
intensity. The flow of our experiment is shown in Fig. 2,
where given an image we will extract the specular component
and compute the specular ratio. While the specular ratio of
the original images and their recaptured are distinguighab
we further compute the distribution of the specular ratips Wae.
dient and consider their shape as a distinguishing sigaatur (€] SpcH AT e o S T S TSETow

In our experiment, we use 20 pairs of original and re- 1[ ] ] 1
captured images obtained under various lighting condition }}f‘ J 3 ‘
All the results are constant to support our hypothesis. Fig. 1 D N

(a) lists four images with four typical illuminations whieine

outdoor ambient light, outdoor side light, indoor ambiégit ) ] . ] ]
and outdoor frontal light. Fig. 4 (a) gives their recaptuirae Fig. 4. Specularity analysis of images from recapturing.
ages. Note that the recaptured images are visually sinailar twith some high-frequency spatial variations. As a reshk, t
the original images. The specular component of the originadpecular ratio consists of less drastic transitions. Hehoe-
images and the recaptured images are respectively given §ults in a departure from the Laplacian-like distributionits
Fig. 3 (b) and Fig. 4 (b). Fig. 3 (c) and Fig. 4 (c) give the gradient and arrives at a Rayleigh-like distribution whish
specular ratio image. Fig. 3 (d) and Fig. 4 (d) give the histeasonable.

togram of the specular ratio’s gradient.

Comparing Fig. 3 (d) and Fig. 4 (d), we can see that for th
original natural-scene images, the histogram of the specul
ratio’s gradient generally follows a Laplacian-like distition ~ From the cascaded dichromatic model, the observed high-
while that of the corresponding recaptured images follows &equency spatial variations in the specular ratio of tleape
Rayleigh-like distribution. From Fig. 3 (c), the speculatio  tured image (Fig. 4 (c)) should be related to the printing pa-
of the original images consist of regions of relatively dané  per surface property. To verify this, we perform an addiion
separated by conspicuous transitions. Such profile isa&imil experiment on a plain printing paper. A printing paper is-cap
to that of natural images and it is well-known that such protured under the same lighting as described in Sec. 4.1. Fig. 5
file will have a Laplacian-like distributions [11]. Onthehetr  (a) and Fig. 5 (b) shows the intensity and specular image of
hand, from Fig. 4 (c), we see the specular ratio of the recaghe paper. Note that the micro-texture manifested on specul
tured images is similar to that of Fig. 3 (c) but it is supegmbs component is spatially homogeneous, which is an important

(d} Histogram on the gradient of specular ratio images of those in the first row.

9.2. Relation to Paper Surface Property



indication that the paper surface is planar. Fig. 5 (c) shows
the specular ratio of the paper image and we can see that
the micro-texture is similar to the high-frequency vaoati

in Fig. 4 (c). Furthermore, Fig. 5 (d) shows the Rayleigtelik
distribution of the specular ratio’s gradient, which is #&m

to those in Fig. 4 (d). These observations on the paper im-
age is a proof that the high-frequency variation in Fig. 44c)
related to the printing surface property and the Rayleikg-I
distribution is a result of the high-frequency variation.

(a) Original image. (b) Specular image. (c) Specular ratioimage.  (d) Histogram on gradient

of specular ratio image.

Fig. 5. Reflectance on a quasi-glossy paper.

Fig.
images.

in future work, we will model the pattern more formally so
that it can account for a set of general surfaces with differ-

(@ A natural tiger image. (b) Ratio image of (a). (c) Histogram of ratio images’ gradient.

(d) A suspected tiger
image cut-out.

(¢) Ratio image of (d). (9 Histogram of ratio images’ gradient.

6. Specularity analysis of a natural and suspicious tiger

ent coarseness. With this general model, we will be ready to
apply our method to various types of surfaces. Furthermore,
the specific superposed textureness in the specular compone
From Sec. 4.1, we observe that the shape of the specular rgan be used for rendering the effect of a surface appearance.
tio's gradient are different for original images and thesf r  Finally with our finding, we can move forward to detect pla-
captured, and it provides a signature for detecting recagtu nar surfaces in generic scenes for scene understandinig appl

4.3. Experiment on the Controversial Tiger Image

images. We apply our method to tackle the controversiat tigecations.

images mentioned in Sec. 1, where one of the images is shown
in Fig. 6 (d). A conjecture is that they are recaptured of a pla
nar tiger cut-out, and hence we can apply our method to eval{y)
uate the conjecture. Fig. 6 (b) and Fig. 6 (e) respectivedysh

the specular ratio of a real tiger image obtained from therint 2]
net and that of the hypothesized planar tigerimage. These im
ages are originally non-linear, and radiometrically lineed 3]
using the camera response function estimated using method
in [12], before diffuse-specular decomposition is perfedn

We can see that the suspicious tiger image is rejected to be gy
natural scene image given the Rayleigh-like distributibitso
specular ratio’s gradient. Whereas for the natural-scigee t
image, the specular ratio’s gradient distribution is Lajza-
like, which is consistent with our hypothesis.

[5]

5. CONCLUSIONS AND FUTURE WORK [6]
In this work, we discover a distinctive feature in the spacul [7]
component of an image for recaptured photo detection. The
distinctive feature is the high-frequency spatial vada$ in [8]
the specular component of a recaptured image, which is a re-
sult of the micro-structure on the printing paper. We explai
this physical phenomena using a cascaded dichromatic model®]
We verify our findings using images of nature scene and their
corresponding recaptured ones obtained under a generic [LO0]
lumination environment. The distinctive feature can be fur
ther identified from the form of the distribution of the specu [11]
lar ratio’s gradient. For recaptured photos, the distidyuis
Rayleigh-like, while the distribution obtained from thegi+
nal images follows a Laplacian-like distribution. [12]
As the textureness in the specular component of a recap-
tured image is related to micro-structure of a planar serfac
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