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Abstract 

A previously presented multidimensional high-fidelity optical 
instrument is able to characterize the perceptually significant 
features of Optically Variable Devices (OVDs). This high-entropy 
digital information source facilitates the adoption of algorithmic-
based communication protocol, and principally new services of 
which a few will be presented. 

This detailed characterization is significant for a forensic or 
reference tool but overly redundant for most authentication 
applications. Thereby, the high-entropy full characterization 
ability may reside at the trusted forensic authority. Distributed in a 
potential hostile environment are authentication devices of 
desirably lower characterization capabilities optimized for 
authentication and operational capabilities, and low cost. This 
protocol resembles well with the information security principle 
admitting information access on a need-to-know basis. Such 
devices may be vital improving the OVD ratio of inspection. 

In a high-security application, the redundant OVD 
characterization facilitates challenge-response authentication, 
including single-use codes, prohibiting eavesdropping reply-
attacks. More significantly, an intertwined multimodal (electro-
optical) communication protocol is described, in which OVD-
assisted authentication cooperates with cryptographic algorithms 
improving e.g. the sensitive access control of electronic machine-
readable travel documents, eMRTD. 

The characterization method, focusing only on overt (first-line 
inspection accessible) OVD features, facilitates inspection method 
monitoring, promoting this other example of multimodal (human-
instrument) services, e.g. indicating possible first-line or 
instrument inspection shortcomings. 

A combination of high-entropy and low cost instruments may 
be essential capturing necessary high quality, representative and 
large volume data for robust response deep learning algorithms, a 
challenge in part due to the variation of circulation caused 
degradation of OVD optical performance. 

These services illustrate how OVD inherent capabilities may 
be better captured and exploited, facilitated by the described high-
entropy characterization tool. 

Introduction 
Optically Variable Devices (OVDs) applied in the optical 

document security industry are in general of high optical 
performance including high contrast as well in spatial as in angular 
dimension, also spanning a wide color gamut (wide dynamic range 
or highly vivid colors). Instrumentally based characterization able 
to capture the perceptually significant features of such OVDs, 
including a high enough spatial and angular resolution is a 

challenge met by a prototype method [1] introduced by the author 
at the 2008 Optical Document Security conference (ODS). This 
method is also described [2] and referred to as “gonioLabs’ 
DOVID Reader” (GDR) by the late authority van Renesse. Note 
however, the characterization is not limited to diffractive optically 
image device (DOVID) OVDs only, as e.g. the physical principles 
on which the diffusely scattering moiré magnifier and products 
such as “Motion”®, Crane Inc. (USA), are based, are also within 
the characterization capabilities of the method. In fact, any OVD 
effective under common condition for perceptual evaluation (such 
as stationary relative positions of illuminator and inspector, 
changing the inclination of the OVD relative to the 
illuminator/inspector etc.) is within the characterization 
capabilities of the GDR. 

Applications based on this prototype characterization method, 
and suggested by the industry, was presented [3] at the 2010 ODS. 
As a side note, although the GDR is designed to capture and 
characterize ideally every aspect that significantly influence a 
result of a human-based visual inspection, one such aspect not 
implemented in the GDR is a stereoscopic twin-camera 
measurement and characterization. A trial mock-up of a previous 
version of the system restricted to monochromatic gloss 
measurement and visualization, including algorithmically based 
merging of stereoscopic sensor characterization and visualization 
[4], shows however the potential for including also stereoscopic 
characterization in the GDR. 

Imaging at a high signal-to-noise ratio (SNR) is a challenge 
irrespective of image sensor technology, in part as every physical 
sensor show pixel-to-pixel correlation or “interpixel correlation” 
(IC), where nearby pixels interfere, hence deteriorating the SNR of 
the result image. Avoiding this sensor IC effect entirely is 
normally not possible or at least not desirable, as sensor designed 
for pixel crosstalk minimization comes at a cost (e.g. reduced 
sensor well capacity, read-out performance etc.), and will thus 
cause negative side-effects of dependent other sensor 
characteristics. Strategies instead include both sensor IC reduction 
and software based (post-exposure) IC reduction. This is an 
engineering and measurement challenge of growing importance for 
a significant range of imaging sensors and applications, including 
massive-volume mobile phone imaging sensors where the 
miniaturization and increasing number of pixels, individually and 
in combination lead to reduced pixel pitch and thereby a tendency 
of increasing IC [5, 6]. In the other end of the performance range: 
for the most sophisticated high-end scientific-grade sensors, with 
applications e.g. for the weak gravitational lensing effect 
characterization (gravitation characterization) and imaging 
elementary particle crashes in cyclotrons like the Tevatron and 
LHC [7], efforts are likewise spent in better understanding and 
reducing the IC. Generally, including also non-scientific grade 
sensors, applications having motifs of high dynamic range and 
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high-contrast are especially susceptible to IC SNR deterioration 
effects. To summarize, high-contrast OVD imaging applications 
aiming for high SNR, stress the need for an IC reduction strategy. 
This subject is treated in depth by the author in a review paper [8] 
and a research paper [9] presenting an algorithm for a commonly 
used color mosaic (Bayer) sensor camera. Note, the term IC is 
introduced by the author to include the sensor distortion effects 
(optical or charge-caused diffusion, interpixel capacitance, the 
brighter-fatter effect, blooming and smear) increasing the pixel-to-
pixel correlation and relating to different commonly used sensor 
technologies (CCD, CMOS, hybrids), to facilitate a generic and 
holistic treatment of the subject [8]. 

As it may be relevant for the Media Watermarking, Security, 
and Forensics community, the essence of the algorithm for a color 
mosaic sensor camera will be described in brief also in this paper. 

Interpixel Correlation Characterization and 
Reduction 

An innovative approach to characterize and reduce the IC for 
a color filter array (CFA) so called Bayer type of sensor is 
described and implemented [9] by the author and summarized here 
in brief. The algorithm adopts a deliberately simplistic high 
dynamic range (HDR) imaging method [10] where each result 
HDR-image is an aggregate of a sequence of low (sensor native) 
dynamic range (LDR) images of varying exposures. The work 
presents and implements a calibration method that facilitates the 
detection, characterization, and reduction of IC in the affected 
neighborhood of saturated pixels in the LDR CFA sensor images, 
thus improving the LDR signal-to-noise ratio (SNR) and, 
consequently, also the HDR reconstruction SNR. The calibration 
method is novel and attractive as no special setup is needed, 
facilitated utilizing the sensor native CFA as a matched filter for 
IC detection, further described in the following. The enhanced 
SNR and contrast capability achieved by this method is especially 
valuable in applications of wide dynamic range and high-contrast 
imaging, such as characterization of OVD for ODS applications. 

Sensor Native CFA—an IC Matched Filter 
The undesired IC causes a higher intensity donor pixel to 

contribute, optically, in electrical charge and in electrical current, 
to surrounding lower intensity recipient pixel values, in effect a 
low pass filtering and a reduced SNR. This effect decreases with 
pixel distance from the donor. In color filter array sensors of Bayer 
type configuration: given arbitrary pixel (omitting sensor border 
pixels), the nearest neighbors (4-connectivity) pixels are all of 
another color than this given arbitrary pixel. This causes the 
dominant effect of the donor-to-recipient pixels value transition to 
not only decrease the value in one color but also increase the 
values in other color(s). This color distortion twin-effect may be 
described as a matched filter as it will be highly responsive, 
resulting a distortion color tint already for minute IC that facilitates 
the detection (visually or by mathematical data analysis) and 
characterization of the IC effect. 

Exclusion Neighborhood Optimization 
The described detection and characterization approach is 

utilized in an sensor calibration procedure (performed once), 
selecting the most favorable pixel neighborhood to exclude for 
each saturated pixel in the low dynamic range (LDR) exposures, to 
achieve the highest HDR reconstruction SNR. In general, no 
exclusion or too small neighborhood exclusion causes unfavorably 
IC affected pixels of the LDR to influence and deteriorate the 

result HDR reconstruction SNR. Too large neighborhood exclusion 
is suboptimal as LDR pixel values are unnecessarily wasted (pixels 
having negligible IC improve HDR reconstruction SNR), causing 
the HDR-algorithm to operate a smaller data set and a HDR result 
image of lower SNR. The IC effect decreases as stated with pixel 
distance for arbitrary direction, however the decrease may not be 
circular symmetric, due e.g. to sensor circuitry configuration 
dependent error propagation. Therefore, not only the neighborhood 
extension but also the neighborhood outlay should be considered in 
the optimization procedure. In this optimization procedure, 
candidate exclusion neighborhoods are evaluated with respect to 
the result HDR reconstruction color tint, imaging a calibrating 
physical neutrally graded gray test surface. 

The optimization criterion is the minimization of the mean 
square color distortion in RGB space after HDR reconstruction, as 
evaluated for each of the tested candidate exclusion neighborhood 
regions. The distortion is measured as the orthogonal distance from 
the achromatic line, i.e. the ideal reproduction of the neutral gray 
test surface. The achromatic line, in turn, is characterized by linear 
regression analysis, using singular value decomposition (SVD) to 
determine the principal component (largest variance). The 
optimization procedure identifies the optimal neighborhood to 
exclude analyzing every saturated pixel, and given the set of 
candidate neighborhoods evaluated for the imaging system 
calibrated. The optimum for the optical system analyzed was a 5 × 
5 squared exclusion region, having the saturated (donor) pixel 
centered. Of course, the result optimal neighborhood is individual 
for each imaging systems, however the IC analysis and 
minimization method may be applied to arbitrary imaging system, 
calibrating and optimizing the optical contrast (SNR) performance. 

Result IC Reduction 
The calculations, in the previous section only mentioned in 

brief, are detailed in the referred to paper [9]. The base-line 
(without IC reduction) is illustrated in Figure 1and the 
improvement (with IC reduction) in Figure 2. 
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Figure 1. TOP: Image of the white areas of the test targets, mounted on a 
cylinder which results in a specular highlight requiring HDRI. The 
measurement is performed with no IC reduction. Lefthalf of TOP image: 
Glossy plastic label. Righthalf of TOP image: Matte office paper. Image width 
21.8 mm, pixel pitch 17 μm. BOTTOM: Plot of the reconstructed HDR RGB 
intensities of the white sample areas of TOP image, without IC reduction. The 
dashed–dotted line is the principal component (largest variance) of a principal 
component analysis derived by singular value decomposition, (a) 3D plot of 
RGB intensities. (b) Projection to R,G only (omitting the blue channel) (c) 
Projection to R,B. 

 
Figure 2. TOP: HDR image reconstructed with IC reduction, otherwise 
identical to Figure 1 TOP. Note: the image is in color (albeit the motif is in 
black, white and gray tones). BOTTOM: Plot of the RGB intensities for HDR 
reconstruction with IC reduction, otherwise identical to Figure 1 BOTTOM. 
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The relative sensitivity of the imaging color channels are 
compensated for, in both Figure 1 LEFT and Figure 2 LEFT. Note 
that Figure 2 RIGHT shows essentially a range of achromatic 
intensities plus noise, that is, data points clustered around the 
achromatic straight line in the 3D color space. This is in contrast to 
Figure 1 RIGHT where streaks, gaps and irregularities are clearly 
visible in the point cloud. The two plain white areas on the left and 
right hand side of the barcode in Figure 2 LEFT, show smooth 
achromatic gradients across the curved samples. This is in contrast 
to the banding and color tints apparent in Figure 1 LEFT. 

Entropy – the Information Content 
In 1948 Claude Shannon formalized the foundation of modern 

communication theory, based on a general communication system 
accompanied with mathematical formulae [11, 12]. The capability 
and generality of a deceptively simple basis of the theory can 
hardly be overrated. The referred work defines a (the) 
measurement of information content, entropy, based on 
probability, a measurement of the transmitter capability, channel 
capacity that together forms the basis for the general theory 
relating the measurement, characterization and analysis of a 
general communication system. 

Characterized Reflectance Volume – a High-
Entropy Source 

Although without mathematical formalism, the concept of 
entropy is used by the author to conceptualize the potential 
information content of an OVD [13]. More specifically, 
characterizing an OVD with the “gonioLabs’ DOVID Reader” 
(GDR) generate a so-called RGB Reflectance Volume (RV), an 
information volume of reflectance data, having a Cartesian spatial 
image plane and an angle dimension, i.e. a 3D representation. Each 
volume element, voxel, in this 3D representation holds the RGB 
reflectance information for the spatially-angular-coordinate. 

Using the characterization specifications [1] of the GDR, a 
basis for the potential (upper limit) information content of a 
characterization of an OVD of size e.g. 22 × 22 mm: 
1. spatial resolution 34 µm, i.e. (22/(34×10-3))2 ≈ 0.42×106 

pixels, 
2. angular resolution 0.13 degrees over [-54, 54] degrees, i.e. 

(54-(-54))/0.13 ≈ 830 angular increments, 
3. reflectance (optical) resolution for each color channel 21 bits, 

i.e. 221 ≈ 2.1×106 reflectance levels, and 
4. number of color channels = 3. 
In total (1-4): 0.42×106 × 830 × 2.1×106 × 3 ≈ 2.2 ×1015 or 
approximately 51 bits (251 ≈ 2.25×1015). In total (a-d): 0.42×106 × 
830 × 2.1×106 × 3 ≈ 2.2 ×1015 or approximately 51 bits (251 ≈ 
2.25×1015). 

Of course this is, as stated, a basis for an upper bound, 
neglecting noise and distortion e.g. from interpixel correlation, 
spatial and angular inaccuracies etc. Also covering all relevant 
aspects of the communication system would include first the OVD 
production limitations, including message transmitter limitation set 
by laws of physics in e.g. interference features, resolution of 
origination equipment, and separating the OVD into a (lower-
entropy) motif features optimized for conspicuousness and a 
(higher-entropy) information features optimized for randomness 
etc.). Second, the OVD characterization limitations (message 
receiver limitations set by sensor spatial and optical accuracy, 
sample positioning accuracy etc.). However, as no established 
procedure is defined on how to detail the information capabilities 
of a OVD-system, the author has instead given numerous examples 

of the characterization method capabilities, focusing on the 
separate measurement dimensions in terms of resolution, accuracy 
and reproducibility [1, 3]. In this work instead given as an 
aggregated indicative basis for entropy upper limit for the given 
GDR configuration, as a basis for a further treatment of the 
subject. 

Already the given indicative characterization capabilities are 
essential benefits of the GDR, relying on spatial, angular and 
optical software controlled calibration routines and the briefly 
described interpixel correlation (IC) reduction algorithm. Also, the 
instrument configuration having a cylindrical shaped sample 
holder promotes a OVD snug fit, an exact rotational based 
positioning of the OVD and high image sharpness (part-images 
out-of-focus un-sharpness is in general a challenge of other more 
obvious angle-varying measurement configurations). All these 
desired measurement characteristics at the cost of a slightly more 
intricate imaging spatial re-transformation, however calculated, 
calibrated and verified only once. To summarize, much effort have 
been spent on promoting the accuracy and reproducibility of the 
GDR based characterization, all in order to best utilize the above 
indicated high-fidelity potential information content of an OVD, in 
essence a high-entropy source. 

Information Redundancy – Means for New 
Services 

Given first, the assumption that different instances of genuine 
OVDs are more alike than a counterfeit and a genuine OVD are 
alike. Second, the GDR characterized RVs is able to capture and 
illustrate a range of significant feature differences of different 
instances of genuine OVDs [13], indicates the exploratory capacity 
also beyond authentication applications only. Such more 
demanding applications include: 
• facilitating unambiguous communication between forensic 

laboratories [2], 
• facilitating the clear presentation of facts in court [2], 
• counterfeit pedigree analysis, interconnecting a production 

unit and counterfeits in circulation [14], 
• reference characterization during OVD product development, 
• reference characterization procurement processes, verifying 

product characteristics with strict tolerances. 
For applications of authentication, it may appear that the RV 

is overly detailed. As a basis for conventional authentication, 
verifying the product as genuine only, the RV is likely in the 
general case overly redundant. However, this information 
redundancy may be of high significance, opening for principally 
new and desired services of the RV. In the following sections, 
examples of such services will be described. 

Increasing the Ratio of Inspections 
One of the challenges of OVD’s ability to contribute to 

document security is inspection ignorance – the security potential 
of OVDs is not utilized. Therefore improving the ratio of OVD 
inspections is important to motivate future investments in OVD-
based applications. Increasing the in general low ratio of 
inspections performed by human inspectors has proven difficult. 
Instrument-based devices for inspection are either of few-instances 
reference types or challenging to design algorithmically, based on 
mid-to-low-cost equipment, struggling to achieve the necessary 
high evaluation performance and robustness. Tools that facilitate 
this optimization, i.e. the design of OVD authentication protocols 
that most efficiently handle a lower-fidelity inspection device, e.g. 
based on a mobile phone camera (or other low-cost, hence a large-
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volume potential), are therefore needed. Such design choices are 
simplified if high fidelity and detailed OVD characterization is 
available, e.g. to give extensive information on the expected 
variation of optical feature response of a typical set of OVDs. This 
optimization is more effective based on high-resolution RV 
information than based on the target lower-fidelity inspection 
device generated information only. A high fidelity reference 
instrument is useful not only for optimal condition of e.g. fresh 
(not circulated) OVDs but critically important for the robustness of 
an authentication protocol is also to have high fidelity information 
on the degeneration of optical response for circulated OVDs. The 
potential of the GDR in this context has been treated in 2008 ODS 
[1]. 

To summarize: an effective and robust authentication protocol 
for a low-cost potentially large volume authentication device is 
facilitated if based on high fidelity high-entropy RV information 
generated by the GDR. 

Capturing large volume, representative deep 
learning data 

Artificial Intelligence (AI) based algorithms have obvious 
potential within described field of applications, including areas of 
monitoring (e.g. the level of optical degeneration of OVD due to 
circulation – is it fit for further circulation?; cross-examining 
performance and attention of first line inspection personnel – is 
retraining needed?) and authentication (detection of potential 
counterfeits). Irrespective if the prime application focus is e.g. on 
evaluation performance, or on decision explanatory capabilities 
(that may currently correspond to AI subfields of convolutional 
neural networks and decision trees, respectively) a lack of 
representative and adequate volume data is a general challenge for 
non-trivial AI applications. In fact, the significance of a well-
designed protocol for capturing adequate training data is of the 
highest importance in order to achieve an AI-based system having 
a robust and desirable evaluation response in field operation and its 
inevitable challenging variety of OVD characteristics. 

The described OVD characterization method may facilitate 
the capturing of adequately large volume representative deep (or 
other AI) learning data. If required, this can be achieved by using a 
combination of trusted site reference equipment generating high-
entropy data, and widely distributed low-cost bulk equipment. 
Such aggregate of data-capturing equipment may be especially 
desirable e.g. for demanding authentication including also heavily 
circulated OVDs of inferior optical performance, that stresses the 
need for the described large volume representative data. 

The access of to the high-entropy reflectance volume (RV) 
may also facilitate the challenging AI verification process to better 
understand which types of OVD imperfections are evaluated as 
desired and which may cause problems. Such information is vital 
valuing whether the algorithm may go in production, i.e. has 
achieved a desired level of performance and robustness, or if 
further training (or possibly a change of algorithm) is motivated. 

OVD authentication without revealing 
sensitive information 

The described high-entropy redundant authentication 
information further facilitates a tamper resilient communication 
infrastructure. As already a small well-selected fraction of the total 
RV is sufficient to distinguish a genuine from a counterfeit, a 
challenge-response protocol is possible. Such protocol may in its 
simplest form, represent a set of spatial and angular coordinates in 

the RV, with a corresponding set of RGB-value responses. As a 
side note: it may be advisable, as a security promotion heuristic, to 
restrict the selection of such sets of coordinates not to be random 
or pseudo-random, in order to avoid occasional clustered sets. In 
other phrasing: in the set of selected challenges and for each 
dimension, to enforce a minimal variation for each such challenge. 
If not, the response may represent a higher level of data intra-
dependence, hence lower entropy and lower degree of security. 
This, precaution is a consequence of the OVD being a physical 
entity under production limitation and restricted modulation 
transfer functions – therefore restricting a clustering of challenges 
will promote the level of randomness and hence security.  

In essence, the exhaustive and fully characterizing RV need 
not be transmitted and exposed over a possible unsecured 
communication channel in order to perform the authentication, 
only a fraction and disposable (to be used only once) challenge-
response set of pairs is used. Thereby, even illicit eavesdropping 
does not challenge the security, as challenges are never reused, i.e. 
a so-called replay-attack is not possible. 

OVD Assisted Cryptography – Intertwined 
Multimodal Authentication 

The RV can, as described, be regarded as a digital source, 
hence general and established digital channel communication 
algorithms may be adopted and co-operate with other established 
digital algorithms including cryptography-based algorithms, to 
achieve principally new OVD-assisted services. This may be 
desired for high-security applications such as travel documents 
(passports, VISAs) equipped with cryptography facilitated 
electronics (electronic Machine Readable Travel Documents 
eMRTD [15, 16]). Applications include general security enhancing 
multimodal authentication, improving the authentication security 
by enforcing more than one authentication requirement, ideally 
further based on separate technology platforms, such as a) OVD, 
optically based challenge-response authentication and b) Chip, 
cryptography-based authentication. 

A separate security challenge of high relevance in this context 
is the access control to an eMRTD, in general to limit the risk 
illicit repeatable and exhaustive access-denials to finally gaining 
unauthorized access, but especially important regarding the more 
sensitive personal data (including e.g. finger, iris and face info) 
[16]. Introducing an OVD-assisted multimodal authentication 
protocol, to the indicated but optional electronic based 
cryptographic access control, of eMRTD for such personal data, 
may be a niche application of significant importance. 

The OVD-assisted contribution to the multimodal algorithm 
may be either more basic, relying on typical (group or mean) 
characteristics for the given type of OVD, generally of lower level 
of entropy, or more refined, an individualized OVD 
characterization, generally of high-entropy. The latter may achieve 
a higher potential security at the cost of being more demanding in 
terms of tolerances on calibration routines, acceptable optical 
substrate degeneration due to circulation etc. to achieve a specified 
robustness of functionality. 

Discussion 
As described in Sec. 3.2, the GDR characterized RVs captures 

a range of significant feature differences even for different 
instances of genuine OVDs [13]. That is, despite resourceful 
excellent producers and their efforts to achieve identical OVDs, 
comparing the corresponding RVs give significant feature 

IS&T International Symposium on Electronic Imaging 2020
Media Watermarking, Security, and Forensics 219-5



 

7 

differences. By “significant” in this context, we mean not merely a 
sub-millimeter OVD motif translation but feature difference both 
easy to detect analyzing the RVs by algorithms (even inspecting 
them visually), and robust, distinctively above noise-floor levels. 
The high information content (entropy) of RVs and the described 
OVD production limitations in combination opens for OVD based 
novel applications of “physically unclonable functions” (PUF). In 
recent years, the PUF has grown rapidly in importance for 
information technology applications. Citing Maes [17]: 

“…PUFs are innovative physical security primitives which 
produce unclonable and inherent instance-specific measurements 
of physical objects; PUFs are in many ways the inanimate 
equivalent of biometrics for human beings. Since they are able to 
securely generate and store secrets, PUFs allow us to bootstrap 
the physical implementation of an information security system.” 

Irrespective of physical principle involved, the applications of 
PUF generally rely on a sequence of fundamental inequalities of 
characteristics. The construction of PUF may be controllable down 
to a certain level of characterizing detail but (a) not beyond this 
level at which the construction introduces uncontrollable 
characterizing detail. The PUF verification function is able to 
verify characterizing detail beyond the described resolution limit 
(a) and – ideally – giving the characteristic features beyond said 
resolution limit (a) an appropriate higher level of significance, as 
the features up to (a) are controllable, potentially cloned and would 
otherwise cause the verification process to be less selective. 

This potential of the OVD characterization performance 
surpassing the production performance is of significance, as it 
would generalize the established applications for OVDs to 
facilitate not only multimodal authentication described in this 
work, but also to PUF-based multimodal authentication. The 
potential of OVD-based PUFs is treated by the author [13] and the 
interested reader may consult literature on unified security models 
for PUFs [18] and in-depth treatment on evaluation procedures 
[19]. The two latter works do not include OVD-based PUFs but 
provides generic analyses of PUFs. In addition, an ISO working 
draft (IEC NP 20897) is also of relevance. 

Conclusions 
We have described a novel sensor interpixel analysis and 

reduction algorithm for color mosaic imaging sensors. The 
enhanced signal-to-noise ratio and contrast capabilities achieved 
by this method is especially valuable in applications of wide 
dynamic range and high-contrast imaging, such as characterization 
of OVD for ODS applications. 

The reflectance volume (RV), generated by the “gonioLabs 
DOVID reader” (GDR), potentially holds a massive information 
set well motivated for demanding work with strict tolerances such 
as forensic inspection and procurement related measurements. 
However, being overly redundant for most conventional 
authentication applications opens for the described potential novel 
services: 
• optimization procedure for the development of effective and 

robust authentication algorithm for low-cost and potentially 
large number inspection devices, hence means to increase the 
ratio of OVD inspection; 

• authentication  algorithms based on the established challenge-
response dialog where the exhaustive and fully characterizing 
RV need not be transmitted and exposed over a possible 
unsecured communication channel in order to achieve the 
authentication, only a fraction and disposable (to be used only 
once) challenge-response set of pairs. Thereby, even illicit 

eavesdropping does not challenge the security, as challenges 
are never reused, i.e. a so-called replay-attack is not possible; 

• capture of large volume representative  deep learning data, if 
necessary based on an aggregate of trusted site reference 
equipment generating high-entropy data, and widely 
distributed low-cost bulk equipment. Such large volume 
representative data may prove vital for algorithm training but 
also for verification, valuing whether the algorithm may go in 
production, i.e. has achieved a desired level of performance 
and robustness, or if further training (or possibly a change of 
algorithm) is motivated. 

• high-security application based on intertwined multimodal 
(electro-optical) communication protocol, in which OVD-
assisted authentication cooperates with cryptographic 
algorithms improving e.g. the sensitive access control of 
electronic machine readable travel documents, eMRTD. 
These services illustrate how OVD inherent capabilities may 

be better captured and exploited, facilitated by the GDR high-
entropy characterization tool. 

References 
[1] M. Lindstrand, "Spatially and Angularly Resolved High Dynamic 

Range Reflectance Measurements for Forensic Document 
Inspection," in Optical Document Security - The Conference on 
Optical Security and Counterfeit Deterrence, San Francisco, CA, 
USA, pp. 223-235, 2008. 

[2] R. L. van Renesse, "GonioLabs' Novel DOVID Reader," Holography 
News, vol. 22, pp. 4-5, 2008. 

[3] M. Lindstrand, "Forensic DOVID reader, bridging 1st, 2nd and 3rd 
line inspection," in Optical Document Security - The Conference on 
Optical Security and Counterfeit Deterrence, San Francisco, CA, pp. 
347-356, 2010. 

[4] M. Lindstrand, "Gloss: measurement, characterization and 
visualization - in the light of visual evaluation," Licentiate thesis, 
Department of Science and Technology, Linköping University, 
Linköping, 2002. 

[5] G. Finger, J. W. Beletic, R. Dorn, M. Meyer, L. Mehrgan, A. F. M. 
Moorwood, and J. Stegmeier, "Conversion Gain and Interpixel 
Capacitance of Cmos Hybrid Focal Plane Arrays," Experimental 
Astronomy, vol. 19, pp. 135–147, 2005. 

[6] K. Donlon, Z. Ninkov, S. Baum, and L. Cheng, "Modeling of 
hybridized infrared arrays for characterization of interpixel capacitive 
coupling," Optical Engineering, vol. 56, p. 024103, 2017. 

[7] G. Gorfine, M. Hoeferkamp, G. Santistevan, and S. Seidel, 
"Capacitance of silicon pixels," Nuclear Instruments and Methods in 
Physics Research Section A: Accelerators, Spectrometers, Detectors 
and Associated Equipment, vol. 460, pp. 336–351, 2001. 

[8] M. Lindstrand, "Sensor Interpixel Correlation Analysis and 
Reduction: a Review," Journal of Imaging Science and Technology, 
vol. 63, pp. 10502-1-20, 2019. 

[9] M. Lindstrand, "Sensor Interpixel Correlation Analysis and Reduction 
for Color Filter Array High Dynamic Range Image Reconstruction," 
Color Research and Application, vol. 44, pp. 335-347, 2019. 

[10] B. C. Madden, "Extended Intensity Range Imaging," University of 
Pennsylvania, Department of Computer & Information Science Paper 
248, 1993. 

219-6
IS&T International Symposium on Electronic Imaging 2020

Media Watermarking, Security, and Forensics



 

[11] C. E. Shannon, "A Mathematical Theory of Communication," The 
Bell System Technical Journal, vol. 27, pp. 379 - 423,  623 - 656, 
1948. 

[12] C. Shannon and W. Weaver, The mathematical theory of 
communication. Germany, Europe: University of Illinois Press, 1949. 

[13] M. Lindstrand, "Optical Document Security: Measurement, 
Characterization and Visualization - in the Light of Visual 
Evaluation," PhD thesis, Department of Science and Technology, 
Linköping University, Linköping, 2018. 

[14] M. Lindstrand, "Towards a technology-neutral standard - Novel 
DOVID reader paves the way to DOVID standard," Keesing Journal 
of Documents & Identity, pp. 21-25, 2008. 

[15] ICAO, "Doc 9303, Machine Readable Travel Documents; Part 1: 
Introduction," ed. Montréal, Quebec, Canada: ICAO, International 
Civil Aviation Organization, 2015. 

[16] ICAO, "Doc 9303, Machine Readable Travel Documents; Part 11: 
Security Mechanisms for MRTDs," ed. Montréal, Quebec, Canada: 
ICAO, International Civil Aviation Organization, 2015. 

[17] R. Maes, Physically unclonable functions: constructions, properties 
and applications: Springer Berlin Heidelberg, 2013. 

[18] F. Armknecht, D. Moriyama, A.-R. Sadeghi, and M. Yung, "Towards 
a Unified Security Model for Physically Unclonable Functions," in 
Topics in Cryptology - CT-RSA: The Cryptographers' Track at the 
RSA Conference, San Francisco, CA, USA, pp. 271-287, 2016. 

[19] J. L. Danger, S. Guilley, P. Nguyen, and O. Rioul, "PUFs: 
Standardization and Evaluation," in Mobile Systems Technologies 
Workshop: Architecture, Technology Trends, and Memory Solutions, 
(MST), Milan, Italy, pp. 12-18, 2016. 

 

 

Author Biography 
Mikael Lindstrand received his M.S. in computer science and 

engineering, 1996, and his Ph.D. in computer science, 2018, both at 
Linköping University, Sweden. Since 2007, after founding gonioLabs, the 
focus is on measurement methods and equipment for perceptually 
meaningful characterization of optically variable devices. 

Mikael also doubles as consultant data scientist and requirement 
analyst, most recently in assignments of artificial intelligence ability 
development, and predictive models for loan-default risk assessment, at two 
Swedish Government agencies. 

IS&T International Symposium on Electronic Imaging 2020
Media Watermarking, Security, and Forensics 219-7



• SHORT COURSES • EXHIBITS • DEMONSTRATION SESSION • PLENARY TALKS •
• INTERACTIVE PAPER SESSION • SPECIAL EVENTS • TECHNICAL SESSIONS •

Electronic Imaging 
IS&T International Symposium on

SCIENCE AND TECHNOLOGY

Imaging across applications . . .  Where industry and academia meet!

JOIN US AT THE NEXT EI!

www.electronicimaging.org
imaging.org



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




