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Method of matching image features with reference features and integrated
circuit therefor

The invention is related to a method of matching image features with reference
features, comprising the steps of providing a current image captured by a captur-
ing device, providing reference features, wherein each of the reference features
comprises at least one reference feature descriptor, determining current features
in the current image and associating with each of the current features at least one
respective current feature descriptor, and matching the current features with the
reference features by determining a respective similarity measure between each
respective current feature descriptor and each respective reference feature de-
scriptor. The invention is also concerned with an integrated circuit for matching of
image features with reference features.

Standard approaches, limitations and existing solutions:

Many tasks in processing of images taken by a camera, such as in augmented
reality applications and computer vision require finding points or features in multi-
ple images of the same object or scene that correspond to the same physical 3D
surface. For example, in augmented reality, the main problem is to determine the
position and orientation of the camera with respect to the world (camera pose).

The standard approach to initialization of an optical tracking (i.e. when no knowl-
edge from a previous frame is available) can be divided into three main building
blocks: feature detection, feature description and feature matching (see Figure 1).
As the skilled person will understand, if no knowledge from a previous frame is
available, that does not mean that no knowledge from non-optical sensors, like
GPS or compass is allowed. Feature detection is also referred to as feature ex-
traction.

At first, feature detection is performed for identifying features in an image by
means of a method that has a high repeatability. In other words, the probability is
high that the method will chose the part in an image corresponding to the same
physical 3D surface as a feature for different viewpoints, different rotations and/or
illumination settings (e.g. local feature descriptors as SIFT [1], shape descriptors
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[18] or other approaches known to the skilled person). Features are usually ex-
tracted in scale space, i.e. at different scales. Therefore, each feature has a re-
peatable scale in addition to its two-dimensional position. In addition, a repeatable
orientation (rotation) is computed from the intensities of the pixels in a region
around the feature, e.g. as the dominant direction of intensity gradients.

Next, a feature descriptor is determined in order to enable the comparison and
matching of features. Common approaches use the computed scale and orienta-
tion of the feature to transform the coordinates of the feature descriptor, which
provides invariance to rotation and scale. For instance, the descriptor may be an
n-dimensional real-numbered vector, which is constructed by concatenating histo-
grams of functions of local image intensities, such as gradients (as in [1]).

Finally, an important task is the feature matching. Given a current feature detected
in and described from a current intensity image, the goal is to find a feature that
corresponds to the same physical 3D surface in a set of provided features that will
be referred to as reference features. The simplest approach to feature matching is
to find the nearest neighbor of the current feature’s descriptor by means of ex-
haustive search and choose the corresponding reference feature as match. More
advanced approaches employ spatial data structures in the descriptor domain to
speed up matching. Unfortunately, there is no known method that would enable
nearest neighbor search in high-dimensional spaces, which is significantly faster
than exhaustive search. That is why common approaches use approximate near-
est neighbor search instead, e.g. enabled by space partitioning data structures
such as kd-trees [1].

Figure 1 (in connection with Figure 2) shows a flow chart of a standard method to
match a set of current features with a set of reference features. In step S11, a cur-
rent image Cl is provided taken with a capturing device. The next step S12 then
detects and describes features in the current image Cl (optional: already selective
extraction according to estimated model-feature-positions), where every resulting
current feature ¢ has a feature descriptor d(c) and a 2D position in the camera im-
age cl. Possible methods that could be used for feature detection and description
are explained in more detail below referring to exemplary implementations. A set
of reference features r, each with a descriptor d(r) and a (partial) position and/or
orientation in a global coordinate system is provided in step S13. The reference
features can be extracted from reference images or 3D models or other informa-
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tion about the object. Please note, that the position and/or orientation in a global
coordinate system is optional in case of visual search and classification tasks. In
step S14, the current features ¢ from step S12 and the reference features r from
step S13 are matched. For example, for every current feature the reference fea-
ture is searched that has the closest descriptor to the descriptor of the current fea-
ture with respect to a certain distance measure. According to step S$15, an applica-
tion uses the feature matches, e.g. in order to estimate the position and orientation
of the capturing device very accurately in an augmented reality application that
integrates spatially registered virtual 3D objects into the camera image.

Limitations of the standard approaches:

Flexibility is important in order to initialize tracking successfully in different envi-
ronments. The features described in [1], for example, work very well in textured
environments. In environments with little texture or in cases the texture changes
(e.g. the appearance of a car finish changes strongly depending on its environ-
ment and the camera position), features as in [1] have major difficulties. Features
as described in [18] work better in non-textured environments. Therefore, feature
detection and feature description algorithms are frequently adapted and changed
in order to better suit a specific task.

With a growing number of reference features, the time to match a single current
feature increases, making real-time processing impossible at some point due to
limitations on the hardware. Also, the distinctiveness of feature descriptors de-
creases with a growing number of reference features, which in turn is limiting the
matching quality and significantly affects the robustness.

Already proposed solutions:

Different approaches exist that are based on a set of geo-referenced local image
features acting as reference features. The assumption of these approaches is that
if the position of the capturing device is approximately known, only those reference
features are possibly visible that are located in the vicinity of the capturing device.
In other words, the methods aim to reduce the number of potential matches
among the reference features. For example, methods were proposed that use
sensor data, e.g. GPS positioning to narrow down the search area and a set of
pre-built vocabulary trees for every spatial region to find the best matching image
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in this search region [2], [4]. In addition, better results where achieved when using
a single global vocabulary tree and incorporating the GPS position as a prior in the
feature match scoring process [4]. The method of [5] uses GPS to gain a coarse
position of the device for the initialization of a visual tracking in an outdoor aug-
mented reality system. Given this position, initialization with a constrained camera
position at a number of position samples around the rough GPS measurement is
performed until initialization succeeds. In another approach, the combination of a
differential GPS/IMU hardware module with barometric height measurements in a
Kalman filter is used in order to improve the accuracy of the device’s 3D position
estimate [7]. The method of [8] uses potentially visible sets (PVS) and thereby not
only consider spatial vicinity of features but also visibility constraints. Coarse posi-
tioning with GPS is mentioned for retrieval of PVS in an outdoor application.

The visual inertial tracking method of [3] applies inertial sensors to measure the
relative movement of the camera from the prior frame to the current frame. This
knowledge is used for predicting the posiﬁon and defining a 2D search space in
the image space for features that are tracked from frame to frame. Since the tech-
nique uses measurements of relative camera transformations only, it is not suited
for the initialization of camera pose tracking or visual search tasks.

None of the above mentioned methods suggests increasing speed and perform-
ance by accelerating the vision algorithms on hardware.

Typical approaches considering hardware acceleration of vision algorithms opti-
mize feature detection and feature description, whereas the feature matching re-
mains implemented in software. For example, in [13] the matching stays in soft-
ware, while the feature detection and description are optimized on hardware: “It
can be seen from Section Il that the optimised SIFT algorithm for an image
matcher consists of five stages: 1) Gaussian pyramid construction. 2) DoG space
construction and feature identification. 3) Gradient and orientation histogram gen-
eration. 4) Feature descriptor generation. 5) Image matching. Considering the na-
ture of Xilinx FPGA embedded system, a top level system partition which is similar
to [6] has been adopted for the FPGA implementation. More specifically, the first
three stages are implemented as a hardware core named as SIFT feature detec-
tion module, whereas the last two stages are considered to be implemented as a
software module named as SIFT feature generation and image matching module
using Xilinx MicroBlaze software processor’. Same applies to [14]. Please note
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that [6] talks about the problem of high matching processing time (referred to as
association) but does not propose to build a specific hardware block to solve this.
Instead, they propose to accelerate their software solution by running it on faster
general purpose processors. ‘

Another example of accelerating the image processing by means of hardware ac-
celeration is disclosed in [17]. The authors discuss that not all of the many vision
tracking algorithms may be easily implemented on an FPGA. They limit them-
selves explicitly to techniques that do not require complex floating point calcula-
tions in an effort to minimize the area used on the FPGA. They chose to acceler-
ate image processing: “There are many different vision tracking algorithms but not
all of them can be easily implemented on an FPGA. We have avoided using tech-
niques that require complex floating point calculations in an effort to minimize the
area used on the FPGA. We found that segmentation could be performed using
very few gates.”

Therefore, it would be beneficial to provide a method which enables a higher per-
formance and higher algorithmic flexibility at reduced processing and power re-
quirements while performing visual computing tasks. Particularly, the method
should not only enable a faster matching process but also improve matching qual-
ity by taking advantage of additional hints.

According to an aspect of the invention, a method of matching image features with
reference features comprises the following steps: providing a current image cap-
tured by a capturing device, providing reference features, wherein each of the ref-
erence features comprises at least one reference feature descriptor, determining
current features in the current image and associating with each of the current fea-
tures at least one respective current feature descriptor, and matching the current
features with at least some of the reference features by determining a respective
similarity measure between each respective current feature descriptor and each
respective reference feature descriptor, the determination of the similarity measure
being performed on an integrated circuit by hardwired logic or configurable logic
which processes logical functions for determining the similarity measure.

According to the present invention, a new approach is proposed on how visual
computing tasks can be optimized and run more robust in real time by implement-
ing dedicated parts in hardware. The selection of the most useful building block
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and the adaption of the software to take advantage of the optimization are not only
new, but highly innovative, enabling a higher performance at reduced processing
and power requirements. On the other hand, most of the above described ap-
proaches using hardware acceleration go for the feature extraction and feature
descriptor building which drastically decreases the system’s flexibility concerning
the features used. At the same time they do not accelerate the matching process
on a descriptor level. Furthermore, due to flexibility requirements as described
above (textured, non-textured environments, etc.), algorithms for feature detection
and feature description are still frequently adopted and changed and show a broad
variety.

A further effect of the invention is to improve the initialization of an optical tracking
system based on pre-learned data (reference features) in order to enable a higher
performance at reduced processing and power requirements.

According to another aspect of the invention, there is provided an integrated circuit
for matching of image features with reference features, comprising an interface for
receiving a number of current feature descriptors of respective current features
taken from a current image captured by a capturing device, an interface for receiv-
ing a number of reference feature descriptors of respective reference features,
and a logic circuit for determining a respective similarity measure between each
respective current feature descriptor and each respective reference feature de-
scriptor for matching the current features with the reference features, wherein the
logic circuit comprises hardwired logic or configurable logic which processes logi-

cal functions for determining the similarity measure.

In a preferred embodiment, our method is implemented on a specialized hardware
block and not executed by a general purpose processor. The hardware block can
of course be part of the same integrated circuit (also referred to as silicon or chip)
as the general purpose processor.

In a preferred embodiment, the specialized hardware block is a non-
programmable unit, wherein programmable refers to executing a dynamic se-
quence of general purpose instructions.

In a preferred embodiment the current image can be an intensity image or a depth
image.
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When we speak of intensity images throughout this disclosure, we refer to images
representing different amounts of light reflected from the environment, mostly de-
pending on the environment’s material and the light situation. Intensity images can
encode intensity in one (e.g. greyscale) or more than one channels (e.g. RGB —
red-green-blue) in different bit resolutions (e.g. 8 bit or high dynamic range).

There are several methods possible to provide a depth image or sparse depth in-
formation comprising the depth of an element, e.g. a pixel or a feature, in an im-
age which may be used in a matching process according to the present invention
which will be described in the following paragraphs.

According to an embodiment to determine a depth of at least one element in an
intensity image, at least two capturing devices with known relative position and/or
orientation each capture a respective intensity image, wherein correspondences
are found in the images and the relative position and/or orientation of the capturing
devices is used to calculate a depth of at least one element in the intensity images
which is part of at least one of the correspondences. In this case the matching
process would be conducted in two general steps. First matching features of cur-
rent frame one and current frame two in order to calculate their depth information
from a given pose between capturing device one and two. In a later step, the cur-
rent features are then matched against reference features, taking advantage of
the depth information or derived positional information during the matching proc-
ess.

According to another embodiment to determine a depth of at least one element in
an intensity image, at least one capturing device captures intensity images at dif-
ferent points of time from different positions, wherein correspondences are found
in the different images and a relative position and/or orientation of the capturing
device between the different images and a structure of the correspondences are
recovered and used to calculate a depth of at least one element in the intensity
images which is part of at least one of the correspondences. As in the case above,
the matching could again be conducted in several processes, matching recent im-
age features with each other and then incorporating the additional information in a
matching process against older reference features.
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According to another embodiment to determine a depth of at least one element in
an intensity image, there is provided at least one database of intensity images,
wherein for each of the intensity images an overall depth, or depth for at least one
image region, or depth for one or more pixels is known and the intensity image
captured by the capturing device (current intensity image) is matched against this
database. The matching result is used to calculate a depth of at least one element
in the current intensity image.

According to another embodiment to determine a depth of at least one element in
an intensity image, there is provided an environment model and information about
a position and/or orientation of the capturing device when capturing the intensity
image with respect to the environment model (which may be an initial estimation),
wherein the environment model and the information about the position and/or ori-
entation of the capturing device are combined and used to calculate a depth or a
position estimate of at least one element in the intensity image.

According to another embodiment to determine a depth of at least one element in
an intensity image, there is provided at least one sensor for retrieving depth infor-
mation or range data and at least a relative position and/or orientation of the at
least one sensor with respect to the capturing device, wherein the depth informa-
tion or range data is used to calculate a depth of at least one element in the inten-
sity image. Preferably, the pose (position and orientation) and intrinsic parameters
of, both, the sensor and the capturing device are known.

Of course, this process can also be implemented in an iterative fashion, where ini-
tial position estimates are used to match against reference features and calculat-
ing a first pose, using the first pose in order to refine the current features position
and starting another matching process.

According to an embodiment, the reference features are extracted from at least
one reference image which has been recorded with a second capturing device dif-
ferent from the capturing device. According to an embodiment, the capture time of
the at least one reference image is at least one day older than the capture time of
the current image.

As a similarity measure according to the present invention, for example, a distance
measure may be used. According to an embodiment, the method of the invention
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may include determining at least one respective check parameter by comparing
the distance measure with at least one respective threshold, wherein the check
parameter is used as a criteria to determine whether the matching is performed or
to influence the distance measure. If the matching is performed, the respective
determined similarity measure is used in the matching process.

According to an embodiment of the invention, calculations for determining the re-
spective distance measure, or parts thereof, and a respective check parameter (as
explained in more detail below) are performed in parallel in a pipelined manner on
the integrated circuit. For example, one respective distance measure and/or check
parameter is calculated per clock cycle of a clock signal of the integrated circuit.

In an aspect of the invention, after determining a respective similarity measure, the
method further comprises storing a most similar and a second most similar similar-
ity measure from the similarity measures determined until then, and an index of
the respective current feature descriptor associated with the most similar similarity
measure.

According to an embodiment, the most similar similarity measure is compared with
a derivative of the second most similar similarity measure, wherein if this compari-
son fulfills a predetermined condition, the most similar and second most similar
similarity measure, the index, and the associated reference feature descriptor are
provided for further processing.

The method may further comprise determining from the computed distance meas-
ures a lowest distance measure and storing an index of the respective current fea-
ture descriptor for which the lowest distance measure has been determined.

According to an aspect, the method may further include storing the current feature
descriptors on a memory (such as SRAM) of the integrated circuit which are re-
trieved from the memory without wait states.

According to an embodiment, the method further comprises the steps of associat-
ing with each of the current features at least one current feature descriptor vector,
wherein each of the reference features comprises at least one reference feature
descriptor vector, and computing a respective similarity measure between each of
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the reference feature descriptor vectors of the reference features and each of the
current feature descriptor vectors of the current features.

In a possible implementation, at least a pixel of the current image is set as a re-
spective current feature in the current image, i.e. every pixel of an image may rep-
resent a feature.

According to an embodiment of the invention, the method is run on different reso-
lutions of the image.

According to an embodiment of the invention, a first feature extraction process
may be used to extract a first set of current features and a first set of current fea-
ture descriptors is built for the first set of current features, and a second feature
extraction process may be used to extract a second set of current features and a
second set of current feature descriptors is built for the second set of current fea-
tures, wherein the first feature extraction process and the second feature extrac-
tion process, or a first feature descriptor creation process and a second feature
descriptor creation process are different from each other, and the feature match-
ing process of the first and the second set of current feature descriptors are per-
formed by hardwired logic or configurable logic. The matching process of the first
and the second set are performed independently from each other by the hardwired
logic. Figure 3 shows how the overall process could look like, where 1..n denotes
different feature extraction methods, 1..m denotes different feature descriptor
processes and the different resulting descriptor sets are matched.

In a further aspect, the method may comprise performing geometric verification
after feature matching to remove incorrect feature matches or to remove false po-
sitives in the case of classification.

According to an embodiment of the invention, the method may further comprise
the step of providing a set of reference features, wherein each of the reference
features comprises at least one first parameter which is at least partially indicative
of a position and/or orientation of the reference feature with respect to a global
coordinate system, wherein the global coordinate system is an earth coordinate
system or an object coordinate system, or which is at least partially indicative of a
position of the reference feature with respect to an altitude, the step of associating
with a respective current feature at least one second parameter which is at least
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partially indicative of a position and/or orientation of the current feature with re-
spect to the global coordinate system, or which .is at least partially indicative of a
position of the current feature with respect to an altitude, and the step of matching
the current feature with at least one of the reference features of the set of refer-
ence features by determining the similarity measure between the at least one first
parameter and the at least one second parameter.

For example, the method may include the step of defining a search space with a
reduced number of reference features within the set of reference features when
matching the respective current feature, wherein the search space is determined
based on the at least one second parameter.

According to an embodiment, the method may include the step of considering in-
dicators of the feature extraction process, for example the sign resulting from fea-
ture extractor. For example, the sign of a SURF feature corresponds to the sign of
the Laplacian of Gaussian during the feature extraction.

According to an embodiment of the invention, in a method for constructing a fea-
ture descriptor, feature points are extracted from the image to gain feature points
in a 2-dimensional description (parameters a0, a1). and the feature orientation is
computed for the extracted feature point using spatial information on the orienta-
tion of the capturing device (parameters b0, b1, b2) provided by a tracking system.
For example, the tracking system gives the orientation of the capturing device with
respect to a world coordinate system as Euler angles and feature descriptors are
supposed to be aligned with the gravitational force. A very simple way to gain the
orientation for all features is to transform the gravitational force to a coordinate
system attached to the capturing device using the Euler angles first and then pro-
ject it onto the image plane. Thereby, the direction of the gravitational force in the
image is computed and used for all features in the image. This technique assumes
orthogonal projection which is generally not the case. Incorporating the intrinsic
parameters of the camera relaxes this assumption but still all techniques based on
2D images assume everything visible in the image to lie on a plane and therefore
are approximations. According to an embodiment of the invention, one or more
directions of the at least one feature are computed based on pixel intensities of
neighboring pixels and stored with respect to the common coordinate system. In
the matching stage only features with similar directions with respect to the com-
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mon coordinate system are matched to reduce the number of comparisons
needed and decrease the ratio of false matches.

According to an aspect of the invention, at least one of the current feature descrip-
tor or the reference feature descriptor is a higher level description of an object,
making it invariant to scale and/or rotation and/or light.

According to embodiments of the invention, the method may also include a me-
thod of detecting and describing features from an intensity image which is invari-
ant to scale resulting from the distance between the capturing device and the ob-
ject, but is sensitive to the real (physical) scale of an object for a variety of applica-
tions. It is thus proposed to utilize the depth of an element in the intensity image
(e.g. a pixel) for feature detection and/or description at that particular element
(pixel) in an intensity image. Thereby, features can be detected and described at
real (physical) scale, providing an improved distinctiveness compared to standard
scale-invariant feature descriptors on intensity images without introducing any
constraints on the camera movement. In one embodiment, the method may com-
prise the steps of providing an intensity image captured by the camera, providing a
method for determining a depth of at least one element in the intensity image, in a
feature detection process detecting at least one feature in the intensity image,
wherein the feature detection is performed by processing image intensity informa-
tion of the intensity image at a scale which depends on the depth of at least one
element in the intensity image, and providing a feature descriptor of the at least
one detected feature.

According to an embodiment of the invention, the method may further comprise
the steps of providing a measurement of a position and orientation of the capturing
device in a global coordinate system, determining a pose of the capturing device
from the measurement, providing a 3D model of an environment, wherein the
pose is used in combination with the 3D model to compute the depth of at least
one element of a feature in the intensity image, for example by means of casting a
virtual ray from the capturing device center through the feature into the 3D model.

Measurements of position of the capturing device in a global coordinate system
may be provided by a GPS sensor/receiver, IR or RFID triangulation, or by means
of localization methods using a broadband or wireless infrastructure. Measure-
ments of orientation of the capturing device in a global coordinate system may be
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provided by at least one of an inertial sensor, an accelerometer, a gyroscope, a
compass, or a mechanical, electromagnetic, acoustic, or optical tracking system.
In the context of the invention, an inertial sensor may, e.g. continuously, provide
sensor information including the position and/or orientation of an object or device
with regard to the environment, by using any combination of the following: magne-
tometer (e.g. a compass), motion sensor/ rotation sensor (accelerometers/ gyro-
scopes), gravity sensor, and other sensors providing such information.

Embodiments of the invention will be further described with reference to the follow-
ing Figures, in which:

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

shows a flow chart of a standard method to match a set of current fea-
tures with a set of reference features,

is a depiction for illustrating detection, description and matching of fea-
tures in connection with Fig. 1,

describes an embodiment of a process of feature matching and a possible
application thereof with the aid of a graphic processing unit (GPU),

shows an exemplary scene in which a method according to an embodi-
ment of the invention is applied,

shows a possible implementation of the determination of a similarity
measure in a matching process on an integrated circuit according to an
embodiment of the invention,

depicts another possible implementation of the determination of a similar-
ity measure in a matching process on an integrated circuit according to an
embodiment of the invention,

shows a flow chart of a general workflow of the process as described with
reference to Figures 5 and 6,

shows a diagram regarding the performance of vocabulary tree versus
best bin first in a matching process,
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Fig. 9 shows a flow chart of a possible combination of a depth extraction mecha-
nism with physical scale feature descriptors for the use in optical pose es-
timation according to an embodiment of the invention,

Fig. 10 depicts a flow chart of a method according to another embodiment of the
invention where it is checked prior to matching whether a feature may
theoretically fit or not.

An initialization process has been briefly introduced in the beginning and is shown
in Figure 1. Improvement may be measured in the time to initialization process and
the success rate of initialization. On mobile systems, the power consumption is
another important aspect. The invention presents a new approach by sensibly se-
lecting the most useful building block of the initialization process for implementa-
tion into hardware and by adapting the software accordingly in order to take ad-
vantage of the optimization.

Looking at the process chain from feature detection, feature description to feature
matching, all initialization processes have the matching process in common. In this
process, features from a previously recorded object or environment are matched
against features from the current camera image. Also, in comparison to feature
extraction and feature description, the matching algorithm does not require con-
stant and frequent adoption and changing.

By doing so, the method of the present invention not only improves time and pow-
er consumption, but also allows an improved success rate of the algorithm. In ad-
dition, the precious chip size is not wasted on constantly changing algorithms.
Adopting the invention leads to major improvements while only using a small chip
area and keeping flexibility in the information extraction process.

According to preferred embodiments, it is possible to classify objects (visual
search process), which is the process of matching a current image with a previ-
ously generated class description, or to match individual features (feature match-
ing process), which can then be used to run a pose optimization process. Keep in
mind that visual search may be based on matching several features per image. At
the same time, the whole image might be a feature. Both approaches are sup-
ported by the invention.
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A class description can be associated with a camera pose and can also be used to
generate an initial camera pose estimate.

According to the invention, both the visual search process and the feature match-
ing process can work with different features and feature descriptors present in the
database and present in the current image. In that case, the different features are
extracted using different feature extraction and/or feature description methods and
matched in two independent runs by the hardware unit (as indicated in Figure 3).
For example, first SIFT features are extracted and matched, then SURF features
are extracted and matched.

Figure 3 describes a process of feature matching similarly as described above with
reference to Figure 1 and an application of the matching for pose estimation, ren-
dering 3D objects and drawing a background image. The rendering and the draw-
ing of background image is made on a graphic processor unit (GPU).

One advantage of the invention is the possibility to leave out processing steps,
which were necessary before or to run them in a completely different advanta-
geous configuration. For example, the feature extraction process can be neglected
or left out, creating a very high number of descriptors. Instead, every pixel or a
very high number of randomly selected pixels may be chosen as the descriptor
center. In this case, each pixel or each of the selected pixels is to be seen as a
feature in terms of the present invention. Instead of choosing random pixels, a grid
can be used to extract the descriptor centers, for example, every 10" pixel of a
line, where every 10" pixel row is analyzed. The massive increase in features to
match (ca. 10.000 features per image) resulted in an increase of successful ini-
tializations by 76% on a test-database of several thousand images.

Accelerating the matching avoids having to build efficient matching structures, like
vocabulary trees, which do not give better results and are only built for perform-
ance reasons. Figure 8 shows a performance comparison (indicated by the per-
centage of correctly tracked reference images per class) when using a vocabulary
tree (Voc) with 5 branches (b) and 5 levels (L) or 6 branches and 6 levels respec-
tively, or a best bin first (BBF) approach with a defined minimum number of 10
matches. The BBF approach may be considered as an approximation to an ex-
haustive search. Another major disadvantage of vocabulary frees is, that they will
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only return a class, but not individual feature correspondences, which are neces-
sary to calculate an accurate camera pose.

Measures to avoid false matches, when wdrking with many features are to in-
crease the number of PROSAC [11] iterations (being higher than 5000) for initiali-
zation and introduce additional sanity checks (based on geometric verification).

Advantageously, it may be tested during the process whether a feature pair can
theoretically fit or not. This may be achieved by checking the current feature’s es-
timated position against the reference feature’s recorded position. According to
this aspect of the present invention, it is proposed to narrow the search space or
influence the distance measure for matching image features of a current image
taken by a capturing device by considering the (partial) knowledge of their position
in world coordinates (or global coordinates). A global coordinate system may be
an earth coordinate system or an object coordinate system (e.g. a building or a
product package or a car), which has a fixed altitude or a fixed orientation related
to earth’s gravity. As the degrees of freedom of a feature’s position that can be
determined are heavily depending on the available information on the position and
orientation of the capturing device, different exemplary implementations of aspects
of the present invention are explained below with respect to Figures 4 and 10 in
more detail.

It is another aspect of the invention to take indicators of the feature extraction
process into account, like the sign resulting from SURF feature extractor (positive
or negative Laplacian of Gaussian).

Another aspect of the invention not only takes into account the minimum distance
between two feature descriptors, but also the distance between the minimum dis-
tance and the second best distance. Particularly, two descriptors are considered
as a match, if the second best distance multiplied with a scalar factor smaller than
0,9 is bigger than the best match’s distance. This avoids the occurrence of false
positives (wrongly matched features), which will lead to wrong classifications or
problems in the pose estimation.

In another aspect of the invention, all current feature of the current image are
matched against each other, removing features, which are very similar to each
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other (the distance measure being below a certain threshold). The filtered set of
current features is then matched against reference features.

Another aspect of the invention allows the efficient matching or alignment of 3D
models through an iterative closest point (ICP) approach.

Standard ICP running on point cloud sets works with the following steps:

1. Compute the closest points using exhaustive search or using a tree-based
search (a maximum search radius needs to be set);

2. Given the closest points correspondences a pose is estimated;

3. Given the estimated pose, one of the point clouds is transformed;

4. If the estimated pose is smaller than a threshold, the process is finished, other-
wise return to step 1.

In this approach, many distances between two points in 3D space have to be
tested in order to find the closest distance. Because the engine is built flexible
enough to define the calculated feature distance not only as a distance between
descriptors, but also the estimated distance of 3D positions, pure ICP or ICP, cou-
pled with a 3D descriptor, can be accelerated. The algorithm could pass a number
of current 3D points to the engine and match it against a higher number of refer-
ence-points, which are selected in the vicinity of current 3D points, for example by
defining a maximum search radius.

The invention is well suited for object classification. The invention is also well
suited for camera pose initialization, where no or incomplete prior knowledge
about the object’s pose in relation to the camera is available.

Feature detection:

A feature is a salient element in an image which can be a point, a line, a curve, a
connected region or any other set of pixels. Also, a pixel, all pixels of an image, or
each of a set of selected pixels may be defined as a feature in terms of the pre-
sent invention.

Feature detection algorithms are usually saliency detectors. For example, they find
lines, edges, or local extrema of a differential operator. A feature detector can be
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seen as a function mapping a region of pixels to a response. In the literature, this
region is referred to as sampling window or measurement aperture of the feature
detector. The response is eventually thresholded to decide which elements are
features and which are not. In order to extract features at a certain scale, either
the sampling window can be scaled accordingly or the image is scaled before
computing the response of the feature detector. The size of a feature is then de-
fined as the size of the sampling window used to detect it.

Common examples for keypoint detection methods include Laplacian of Gaussian
(LoG), Difference of Gaussians (DoG), Determinant of Hessian (DoH), Maximally
stable extremal regions (MSERY), Harris features, or learning-based corner detec-
tors such as FAST.

3D features also represent a possible data source for this invention. 3D features
can be extracted from depth images or 3D models by many methods, for example
identifying local extrema.

In one aspect of the invention, the whole image may also be seen as a feature.
In another aspect of the invention, the combination of 3D data and intensity data
can be used as input data, as for example described in [19].

Feature / Image Description:

The visual features extracted (feature points, edges, corners, local extrema, etc.)
need to be repeatable which means that their extraction should be possible de-
spite different viewpoints (orientation, scale, etc.), light conditions and/or image
noise.

The matching process consists of finding at least one corresponding visual feature
which is extracted from two or more images. It often requires the creation of de-
scriptors that allow that the same physical feature in different images is described
in a similar way with respect to some similarity or distance measure. An overview
and comparison of some feature point descriptors is given in [21]. Once one or
multiple descriptors for every extracted feature are created, they are matched ac-
cording to the similarity or distance measure: to every feature in the query image a
match is assigned using nearest descriptor or based on the ratio test of [1].
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[18] describes a descriptor that represent local image shape and its spatial layoult,
together with a spatial pyramid kernel.

[20] describes a descriptor based on the spatial relationship of features, which is
also a possibility. The approach is to select n nearest neighbors of a point X in a
set Pn. Select m<n points from Pm. Compute all possible invariants based on f
points of m (f =5 for the cross ratio and f = 4 for the affine invariant). The se-
quence of the invariants in a fixed order is one descriptor of the point X. The affine
invariant is the ratio between two triangle areas: A(a,c,d)/A(a,b,c). The perspective
invariant is the cross ratio of triangle areas: (A(a,b,c)*A(a,d,e))/(A(a,b,d)*A(a,c.e)).
In [20], a hashing process is used to match features, which could be left out, using
our engine.

[15] gives a good overview on 3D and depth-image based descriptors for match-
ing.

Overall for this invention, a descriptor can advantageously be a vector, which is
derived from a 2D image or a part of a 2D image or 3D data, which is created by
not just transforming pixels into a different color space or normalizing their values.
In another aspect of the invention, descriptors are derived from histograms, statis-
tics or relative relations on pixel, shape or depth values.

Matching process:

The matching process is a kéy building block in the invention’s solution. A possible
layout according to an embodiment is shown in Fig. 5. A possible process diagram
is shown in Fig. 7. According to an embodiment, it combines the following calcula-
tions:

As a similarity measure according to the present invention, for example, a distance
measure may be used. D(c, r) describes an advantageous distance measure be-
tween two descriptors, according to our invention. Particularly, it describes a dis-
tance measure between a current feature descriptor d(c) of a current feature ¢ and
a reference feature descriptor d(r) of a reference feature r. For example, current
features ¢ and reference features r and their feature descriptors d(c) and d(r) are
determined and provided, respectively, as described above with respect to Fig. 1.
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Generally, a respective distance measure D(c, r) may be determined between one
or more properties of the respective current feature ¢ including the respective cur-
rent feature descriptor d(c) and one or more properties of the respective reference
feature r including the respective reference feature descriptor d(r).

The method of the invention may include determining a respective first distance
measure Ad between each respective current feature descriptor d(c) and each re-
spective reference feature descriptor d(r) for the determination of the similarity
measure D(c, r).

According to an embodiment, the method of the invention may include determining
a respective second distance measure (here Ax and/or Ay) between position in-
formation x(c) and/or y(c) of the respective current feature descriptor d(c) in the
current image and the respective position information x(r), y(r) of the respective
reference feature descriptor d(r) in a common coordinate system for the determi-
nation of the similarity measure D(c, r). For example, this may be computed as the
Euclidian distance between the 3D position information x(c) of the respective cur-
rent feature described by d(c) and the 3D position information x(r) of the respec-
tive reference feature described by d(r).

According to a further embodiment, the method of the invention may include de-
termining a respective third distance measure Az indicative of an angle between
the position information z(c) of the respective current feature descriptor d(c) in the
current image and the position information z(r) of the respective reference feature
descriptor d(r) in a common coordinate system for the determination of the similar-
ity measure D(c, r). For example, this may be computed as the scalar product be-
tween a first vector z(c) defined by the camera center and the 3D position informa-
tion of the respective current feature and a second vector z(r) defined by the cam-
era center and of the 3D position information of the respective reference feature.

In another embodiment, Az can be indicative of an angle between the camera ori-
entation in respect to a global coordinate system and an individual directional
property of a feature, e.g. derived from the surface normal of a known surface on
which the feature is located.

According to a further embodiment, the method of the invention may include de-
termining a respective fourth distance measure (here, Au and/or Av) between a
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scalar property u(c) and/or v(c) of the respective current feature descriptor d(c) in
the current image and the respective scalar property u(r), v(r) of the respective
reference feature descriptor d(r) for the determination of the similarity measure
D(c, r). For example, this may be computed from the sign of SURF (positive or
negative Laplacian of Gaussian).

According to a further embodiment, the method of the invention may include de-
termining a respective combined distance measure D(c, r) for the determination of
the respective similarity measure by combining at least one of the respective first,
second, third and fourth distance measures with at least another of the respective
first, second, third and fourth distance measures.

For example, D(c, r) can be the combination of Au, Av, Ax, Ay, Az, and/or Ad.

P(c,r) describes another advantageous, optional part of the invention’s matching
process. It may be used in a check, whether two descriptors should be matched at
all. Mostly, this is helpful to avoid wrong matches. P checks, if certain conditions
are met, depending on given thresholds.

According to an embodiment, the method of the invention may include determining
a check parameter P, which is calculated in order to determine whether a feature
pair ¢, r with one of the current features and one of the reference features is eligi-
ble to be a valid match.

According to an embodiment, the method of the invention may include determining
at least one respective check parameter P(c, r) by comparing at least one of the
respective second distance measure Ax and/or Ay, third distance measure Az and
fourth distance measure Au, Av with at least one respective threshold, wherein the
check parameter P(c, r) is used to determine whether a feature pair c, r with one
of the current features and one of the reference features is eligible to be a valid

-match.

For example, the method may further include weighting at least one of the proper-
ties of the respective current feature ¢ and reference feature r, or at least one of
the distance measures between one or more of the properties. Further, the me-
thod may include weighting at least one of the first, second, third and/or fourth dis-
tance measures when determining the combined distance measure D(c, r).
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Particularly, each of the above described components can be given a weight (such
as wy, Wy, W,, etc.), which depends on the information available to the system. In-
formation used here can be information coming from the feature extraction proc-
ess or an estimation of the current feature’s position in a global coordinate system
or the camera coordinate system (e.g. for stereo matching taking advantage of
epipolar geometry constraints). If this kind of information is not available, the re-
spective weights in formula D(c,r) can be set to zero or a value, for example de-
pending on the information’s uncertainty. If incomplete or no information about Au,
Av, AX, Ay, Az is given or available, the threshold values can be set to a very high
value or be scaled, depending on uncertainty information.

According to an embodiment, the portions of the distance measure D(c, r) as de-
scribed above, such as Au, Av, Ax, Ay, Az, and Ad, can be determined as follows:

Au = (u(e) — u(r))?
Av = |v(c) — v(r)]

3
Ar = Z(’UI(C) - $-i(‘7'))2
i=0

3

Ay = (yile) — i(r)?

=0

3
Az = Zzi(c) » 2 ()
i=0

47
Ad =) "|di(c) — di(r)|
=0

The given length of 48 for the feature descriptor shall be understood as a possible
implementation of an embodiment and shall not be understood as limiting the
invention. Naturally, the length could be built longer or shorter. Similar, other or
additional types of distance measures may be computed and considered.

According to embodiments of the invention, as set out in the above formulas, cal-
culating the respective distance measures may comprise computing sum-of-
differences or sum-of-square-differences for determining the respective distance
measure over a respective length or dimension (i).
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According to an embodiment, the check parameter P(c, r) and the distance
measure (D(c, r) can be determined as follows:

Ple,r)=Au< 0, ANAY <O, ANAT <O, NAy <0, NAz > 0,
D(e,r) = wy - AU+ wy - AV + Wy - Az + wy - Ay + w, - Az + wq - Ad

For example, the fields u, v, X, y, z and d, can be integer or floating point storage
units of arbitrary bit width. In one advantageous implementation of the invention,
the descriptor fields d; are each one byte long.

The hardware was specifically designed to solve the whole descriptor matching
problem efficiently, not just accelerating the sum of absolute differences. If only a
part is optimized, little performance gain is achieved, because of cache-misses
etc. Therefore, the hardware includes its own memory (in Fig. 5: SRAM 6), loading
the vector of current descriptors (current descriptors have been extracted from the
current image).

With respect to the above described functions or steps of calculating the respec-
tive similarity measures, distance measures, combined distance measures, check
parameters, etc., as set out above, the integrated circuit according to the present
invention includes a respective unit or units implemented on the integrated circuit
which perform the respective functions or steps. Examples of such units are de-
scribed in more detail below with reference to Figures 5 and 6. These examples,
however, shall not be understood as limiting the invention, as the skilled person
will understand that there are multiple options of implementing the described func-
tions or steps according to the teachings of the invention in hardwired logic or con-
figurable logic.

According to Figures 5 and 7, a possible implementation of the determination of
the similarity measure in a matching process according to an embodiment of the
invention is shown. The similarity measure is determined on an integrated circuit 1,
which may be configured in an embodiment as shown in Fig. 5. Particularly, the
integrated circuit 1 includes hardwired logic or configurable logic which processes
logical functions for determining the similarity measure. One embodiment of the
invention runs as follows:
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Via the peripheral interface 2, the host processor (not shown) accesses configura-
tion registers 3 storing addresses, thresholds and weights (their usage is dis-
cussed later). Then it starts the operation by writing to a virtual trigger register.
The external memory interface 4 reads the vector sets C (a number of current de-
scriptor vectors ¢ found in the current image) and R (a number of reference de-
scriptor vectors r created based on reference images) from an external DRAM. C
is completely read into the internal SRAM 6 when the operation starts, as ex-
plained above. Vectors from R are read one by one into the register 7 with content
“vector r’. Vectors from the SRAM 6 are then read one by one into the register 8
with content “vector ¢”. The unit 9 “subtract, multiply, add” calculates the interme-
diate values u,v,x,y,z,d as discussed above. In compare unit 10, these values are
compared to the thresholds (“compare, and”) and weighted in unit 11 (“multiply,
add”), yielding the values P(c,r) and D(c,r) as described above. In case more cur-
rent descriptor vectors ¢ have been extracted from the current image than the
SRAM 6 can hold at once, the current descriptor vectors may be divided into two
or more portions (c1, c2, ...cn) and may be loaded into the SRAM 6 and be proc-
essed by the integrated circuit 1 one after another.

In unit 12, it is determined whether P is true. If P is true, then D is compared to the
values D1,D2 in register 13, which register 13 is updated to contain the minimum
value D1 and the second smallest value D2 of the values D(c, r) determined until
then, and the index ¢ of the minimal value D1 is kept as cmin. After all vectors ¢
from the SRAM 6 are processed, the condition D7<t*D2 is checked in unit 14. In
other words, it is determined whether the ratio of D1 and D2 falls below a defined
threshold t from the configuration register 3 in order to determine whether D1 is
significantly smaller than D2. If the condition is true, then a new tuple
[r,emin,D1,D2] is sent to the output buffer 15. When the output buffer 15 is full, its
content is written to an external memory via the external memory interface 4 and
memory bus. The overall control of this process is performed by control unit 16.

Figure 5 shows an overview of an embodiment of the components, whereas Fig-
ure 7 shows the general workflow of the process as described above.

The components as described above and their functions (also referred to as a
hardware engine in the context of the present invention) are implemented on the
integrated circuit by hardwired logic or configurable logic which processes logical
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functions for determining the similarity measure on the chip. In other words, the
functions to be performed in the matching process, as described above, may be
implemented directly by means of a corresponding digital electronic circuit, particu-
larly by means of a hardwired logic or configurable logic. Such electronic circuit
may be implemented in a flexible manner using:an integrated circuit of the digital
technology, in which a desired logical circuit may be programmed. That is, for the
integration of a function according to the invention, as described above, an exist-
ing processing system, at the appropriate location, may be provided with or sup-
plemented with at least a programmable logical circuit, such as a PLD (Program-
mable Logic Device) or an FPGA (Field Programmable Gated Array). Such a logi-
cal circuit may be implemented, for example, on an integrated circuit chip used, for
instance, in a mobile device, such as a mobile telephone.

Figure 6 shows another embodiment of a possible implementation of the invention
on an integrated circuit 20. This embodiment was developed in order to not only
handle short point-based descriptors or other short descriptors, but also longer
descriptors e.g. shape-based descriptors, and it extends the above approach to
work with longer vectors, e.g. 3000 byte long. As far as the same components are
used as in the embodiment of Fig. 5, the respective components are designated
with the same reference numbers.

In this variant of the embodiment of Fig. 5, a register bank 21 that holds a long
vector r and two accumulator registers 22, 23 holding respective parameters Pacc
and Dacc have been added. Only parts ci and ri of long vectors ¢ and r are com-
pared at once. The functions Pi(c, r) and Di(c, r) are calculated incrementally and
accumulated in Pacc and Dacc. The final values P and D are then read from these
registers 22, 23 before D1 and D2 are updated as before. This extension allows
the comparison of much longer vectors with minimum extra hardware effort. Figure
6 shows an overview of the extended engine’s components.

Thus, according to an aspect of the invention, there is provided a register bank
that holds a reference feature descriptor vector R and two accumulator registers
22. 23 for holding a respective check parameter (Pacc) and a respective distance
measure (Dacc), wherein only parts (ci and ri) of a respective current feature de-
scriptor vector C and reference feature descriptor vector R are compared at once.
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Depending on the available size of the SRAM 6 or the number of different descrip-
tors used in the overall recognition/initialization pipeline, the engine can be started
several times. For example, it can first find the best matches between point based
descriptors and then find the best matches for shape based descriptors, also using
different thresholds and weights.

According to an embodiment of the invention, the calculations of P and D are per-
formed fully parallel in a pipelined manner. For example, the overall throughput is
one vector comparison per clock cycle: With every cycle, a new vector ¢ is read
from the SRAM 6. After the pipeline has been filled, the values of D1, D2, cmin are
updated every cycle, too. The flexibility of the engine for computer vision tasks is
also of advantage for finding a pose between two 3D point clouds, e.g. gathered

with hardware, such as Microsoft Kinect.

Verification:

Visual feature extraction and matching are often two essential steps in image-
based classification and image-based localization and tracking.

According to an embodiment, geometric verification is performed after feature
matching to remove incorrect feature matches or to remove false positives in the
case of classification. This step is also called geometric outlier rejection. Geomet-
ric verification is often needed because, whatever descriptor or classifier used,
there is often no way to avoid having outliers, i.e. features that are matched incor-
rectly. The standard approach called RANSAC [10] is based on an algorithm that
performs the following two steps iteratively: First, the algorithm picks randomly a
sample of minimum number of features (also called Sample Set) needed to com-
pute the parameters of a certain transformation model. This transformation can
generally be described using a matrix e.g. one can use four points in case the
pose is computed via a homography matrix estimation, one can use five points in
case the pose is computed via an essential matrix estimation, etc. Then, it esti-
mates the transformation parameters and counts the number of matches (also
called Consensus Set) that verify them. To decide whether a match mk = {rk,ck}
verifies the transformation parameters one can, for example, transform the refer-
ence feature rk from the reference image into the current image with this esti-
mated transformation parameters and compute the distance between the current
feature ck and the transformed reference feature. A match is considered verifying
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the transformation parameter set when the distance is smaller than a certain thre-
shold Tm. The algorithm performs a number N1 of iterations and searches for the
best transformation parameter set allowing the highest number of matches verify-
ing that parameter set (the highest cardinality of the Consensus Set). If the num-
ber of matches corresponding to the best parameter set exceeds a certain thresh-
old Nm, the matches in the Consensus Set verifying the parameter set are consid-
ered as inliers (correct matches) and the other matches are considered as outliers
(incorrect matches). The condition that the number of matches corresponding to
the best parameter set exceeds Nm is generally used to validate the success of
the matching process. Only in the case of a successful matching process one can
determine whether a match is inlier or outlier.

The RANSAC approach can be improved as follows: it is possible to either rank or
weigh the Consensus Set based on the matching strength or to give prior prob-
abilities to the Sample Set [11]. The matching strength generally used is based on
how good the similarity measure between the descriptors of two matched features
is.

Other approaches were proposed to speed up and improve the results of RAN-
SAC like in [12] where entities consisting of local and minimal subsets of feature
points that have, at the same time, distinctive photometric and geometric proper-
ties were conceived to allow stable object detection and reliable camera pose es-
timation. These entities are called Natural 3D Markers (N3Ms).

Methods to simplify the geometric verifications that are based on the histogram of
feature orientation or based on simple line-side checks may be applied as de-
scribed in [16].

Applications:

Figure 9 shows a possible use of a descriptor, relying on depth information, in or-
der to give an example of a more complex embodiment of the invention.

According to aspects of the invention, a depth of an element, e.g. of a pixel, in an
image may be used as further information when matching features. Generally, the
depth of an element in an image (e.g. pixel) may be defined as referring to the dis-
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tance between the physical surface that is imaged in this element (pixel) and the
capturing device, particularly the optical center of the capturing device.

Figure 9 shows a possible combination of a depth extraction mechanism with
physical scale feature descriptors for the use in optical pose estimation, for exam-
ple, in order to create outdoor AR experiences. In this example depth is extracted
using rough sensor data and an environment model, as in Figure 9.

In step S111, an intensity image 11 is captured by a capturing device or loaded. In
addition, an initial pose of the capturing device while capturing 11 is estimated from
rough sensor measurements such as GPS position and orientation sensor infor-
mation. Finally, an advanced environment model including 3D data and image da-
ta (similar to Google Streetview) is provided (step S112). Image data is only nec-
essary, if a reference model for tracking (e.g. already containing feature 3D coor-
dinates and feature descriptors) has not been created in advance. In step S113,
the environment model is loaded using the assumed camera pose provided by
step S111, i.e. the environment model is rendered from the camera viewpoint of
intensity image 1. In step S114, depth information is retrieved from the environ-
ment model and used in step S115 for calculating the real scale descriptors of de-
tected features. In other words, using the depth information registered with the im-
age |1, real scale features are extracted at a fixed scale of, for example 1 m. Be-
cause the environment model combines 3D data and image data, a reference 3D
model of physical scale features with a scale of 1m can be created (S1186, this can
of course be done in advance).

The results of $115 and S116 can then be used to create correspondences of fea-
tures in 11 and 3D physical scale features. In this step the hardware engine is used
to match the current features of 11 with the model's features. The usage of a 3D
model and rough sensor data gives an estimate of the current feature’s 3D posi-
tion in the world coordinate system by shooting a ray from the camera center
through the feature’s pixel position and assuming the features 3D position to be
where the ray hits the virtual 3D model. The position information can be used as
Xo, X1 and x, to calculate Ax and the descriptor is used to calculate Ad. Having a
good GPS fix and stable orientation data, 6, could be set quite low and wx could be
a higher value than zero. Figure 10 illustrates how position data can help in the
matching process.
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Using an optimization algorithm, the refined pose of 11 in the environment model's
coordinate system can be calculated. The refined pose can then be used for an
application, e.g. an Augmented Reality visualization of tourist data, or optionally be
used to refine $111 and iterate through steps S111-S117, until the change in pose
has gone below a defined quality threshold.

Figure 10 depicts a flow chart of a method according to another embodiment of
the invention where it is checked prior to matching whether a feature may theoreti-
cally fit or not. In step 831, a current image taken with a capturing device is pro-
vided. The (partial) position and/or orientation of this capturing device in a global
coordinate system is provided in step S32. Then, step S33 detects and describes
features from the provided current image and computes the (partial) position
and/or orientation in the global coordinate system of every current feature. A set of
reference features each with a descriptor and a (partial) position and/or orientation
in a global coordinate system is provided in step S34, wherein the reference fea-
tures act as input to the matching in step S35 together with the current features.
The proposed matching method (step S35) then finds for every current feature the
matching reference feature by looking for the reference feature with the closest
descriptor in the set of reference features that have a (partial) position and/or ori-
entation in the global coordinate system close to the (partially) known position
and/or orientation of the current feature in that global coordinate system. This
knowledge or partial knowledge can be embedded for example in Ax , Ay, Az . In
the end, the feature matches are used in an application in step S36.

The position of a current feature may be described by an equation E that de-
scribes a point, a ray, a straight line, a circle, a cone, a cylinder or any other geo-
metric shape. The matching procedure then only considers those reference fea-
tures as possible matches that have a position whose distance to the geometric
shape defined by E is below a threshold theta (8). Thereby, theta is for instance
depending on the determined accuracy of the sensor measures used to compute
the current feature’s partial position. Depending on the uncertainty of the individual
sources of partial spatial information, the. distance measure between the position
of a reference feature and a current feature does not necessarily need to be the
Euclidean distance, but might have different weights for different degrees of free-
dom (which means position values x and y might be integrated in Ay, while the
height value is integrated in Ax with a different theta). Also, it might be depending
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on the distance between a reference feature and the capturing device. Details of
uncertainty propagation can be found in [9].

The most naive approach to the matching procedure in our method is to perform
exhaustive search and check for every combination of current and reference fea-
ture their spatial distance prior to considering it a possible match and computing
the distance between the two descriptors. More elaborate implementations of the
idea would use spatial data structures in the descriptor domain and/or the spatial
domain to speed up matching. Suitable data structures include but are not limited
to bounding volumes (axis-aligned boxes, oriented boxes, spheres, arbitrary vol-
umes), grids (uniform or not), or any kind of trees (e.g. Quadtrees, Octrees, BSP-
trees, kd-trees, R-trees). Also, it is not necessarily needed to find a match for
every single feature in either one of the feature sets, but the matching process
aims to find at least one match between a reference feature and a current feature.

The found feature matches can then be used for applications including object de-
tection, object classification, object localization, and localization of the camera in
the global coordinate system. The latter, also referred to as “self-localization”, can
for instance be performed by means of robust pose estimation methods such as
for instance RANSAC, PROSAC or M-Estimators. Note that such methods require
an estimate of the intrinsic camera parameters, in particular the focal length. De-
pending on the available information on the position and/or orientation of the cap-
turing device and the depth of pixels, different possible implementations of the in-
ventive idea arise. They differ in the spatial constraints to narrow search space or
P in the matching process depending on the position and/or orientation of refer-
ence features that are potential matches for a given current feature. Exemplary
examples, that we consider particularly important, will be explained in detail in the
following.

The approaches assume an estimate of the camera’s intrinsic parameters to be
available. This estimate can for instance result from a calibration procedure or a
reasonable guess, e.g. based on the camera resolution. Those approaches that
are based on an indication of the position of the capturing device can be seen with
two different implementations. The longitude and latitude of the device is provided
based on measurements, e.g. GPS. Depending on the hardware used, there might
be no altitude measurements available or they might be very inaccurate. If a mea-
surement of the absolute altitude of the capturing device is available and can be
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considered sufficiently accurate, it is used. Otherwise an assumption is used, e.g.
that the user is located at street level and holds the capturing device in his or her
hand at an altitude of approximate 1.5 to 2 meters above street level. The altitude
might then be treated with a higher theta and a lower weight. The altitude of a de-
vice can be measured independently from the longitude and latitude, e.g. by
means of a barometer.

In the following, we will assume that a feature is a point (i.e. a feature point, key-
point or interest point). The invention can however be implemented in a similar
way with any other kind of feature, for instance by treating the center of gravity of
a feature as its position. Other features can be edges, edgelets or regions. In the
following, an embodiment of the invention is described using ray or point from de-
vice position and 3D device orientation as an exemplary implementation.

If the position of the capturing device in world coordinates is known (e.g. by means
of GPS and optionally a barometer) as well as the 3D orientation (e.g. measured
with a combination of inertial sensors and a digital compass), the method accord-
ing to aspects of the invention uses this information together with intrinsic parame-
ters of the camera and the position of a current feature in the current image to de-
fine a ray in world coordinates that this feature is located on. If in addition an esti-
mate of the feature’s depth is available, the method is able to compute the abso-
lute 3D position of the current feature in world coordinates.

In the matching stage, only reference features are considered that are closer to
the point or ray, the current feature is located on, than a threshold value (theta).
Again, the distance measure between a reference feature and a point or ray can
be defined in a way that incorporates one or more uncertainties of the individual
degrees of freedom of the position and/or orientation. A suitable spatial data struc-
ture for this configuration in the domain of world coordinates would be a uniform
grid. The 3DDDA algorithm would, for example, be applied to determine the rele-
vant cells that a ray pierces. For each cell in the grid, any spatial data structure in
the domain of the descriptor could be applied to store the reference features con-
tained in that cell, e.g. a KD-tree.

In the following, another embodiment of the invention is described using 1D fea-
ture altitude from a 2D gravity direction and 1D feature depth as an exemplary im-
plementation. This embodiment or aspects of the invention described with refer-
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ence to this embodiment may be used without or in combination with any of the
aforementioned embodiments or aspects of the invention.

Provided with a measurement of the gravity vector in a coordinate system associ-
ated to the capturing device, e.g. with inertial sensors, and the depth of a current
feature in the current camera image, e.g. by means of a depth-from-stereo me-
thod, the method according to aspects of the invention computes the relative or
absolute altitude of this feature.

The 2D position of a feature in the image together with intrinsic camera parame-
ters enable defining a 3D ray in a coordinate system associated to the capturing
device. As in addition the depth of the feature may be known, the feature’s 3D po-
sition in the camera-aligned coordinate system can be computed. The vector from
the optical center of the capturing device to the 3D feature position is then pro-
jected onto the normalized gravity vector resulting in an altitude of the feature.

The method described above results in a relative altitude measure with respect to
the capturing device. To compute the absolute altitude of the feature, the device's
absolute altitude needs to be added. This can be either measured, e.g. via GPS or
a barometer, or can be based on an assumption as explained above.

Given a current feature in a current image, the method is looking for a correspond-
ing feature in a set of reference features with (partially known) world coordinates.
More particularly, depending on the available information on the position and/or
orientation of the capturing device at the time the current image was taken, and
the possibly available depth of particular pixels of the current image, the (partial)
position of a current feature in world coordinates can be determined. This is then
used to narrow the search space by only considering those reference features as
possible matches that are located closely to the (partial) position of the current
feature in world coordinates (advantageously using P). The resulting matches can
for instance be used to initialize a visual camera tracking method in an Augmented
Reality application.

As set out above, known methods decide based on the position of the capturing
device which reference features might be visible and which are most likely not.
This decision is taken on a per-image-level, meaning that the same subset of ref-
erence features is considered as a possible match for all current features in a cur-
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rent camera image. The approach according to the present invention differs from
these approaches as it associates with the detected feature of a camera image an
at least partial position and/or orientation information of the detected feature with
respect to the global coordinate system, and takes this decision on a per-feature-
level. The set of possibly matching reference features is determined for every de-
tected feature in the current camera image based on its (partially) known global
position.

Figure 4 illustrates a possible implementation of this aspect of the invention. Par-
ticularly, Figure 4 shows a capturing device CD that provides a measurement of a
gravity vector G in device coordinates (i.e. coordinates of the capturing device co-
ordinate system) and the depth D of a feature F1. Given the two pieces of informa-
tion, the relative altitude RA of the feature F1 with respect to the capturing device
CD can be computed. Particularly, the 2D position of the feature F1 in the image
together with intrinsic camera parameters enable defining a 3D ray in the coordi-
nate system associated to the capturing device. As the depth D of the feature F1
is known, the feature’s 3D position in the camera-aligned coordinate system can
be computed. The vector from the optical center of the capturing device CD to the
3D feature position of feature F1 is then projected onto the normalized gravity vec-
tor resulting in the relative altitude RA of the feature F1. Adding the (absolute) alti-
tude CDA of the capturing device CD results in the absolute altitude AA of the fea-
ture F1. Analogous calculations can be made for feature F2 to calculate its alti-
tude.

The search space SS for a reference feature corresponding to the current feature
F1 is then defined around its altitude AA. Note that in this way, the reference fea-
ture F2 is not considered as a possible match, even though it looks very similar to
F1, because it does not fall into the search space SS. The search space can of
course be controlled through the calculation of P in the proposed hardware en-
gine. Thereby, the invention according to this aspect reduces the probability of
mismatches.

According to one aspect of the invention, a very large set of reference features
(e.g. billions or millions) is first reduced by a software approach (e.g. using GPS
data as input) to a smaller set (e.g. thousands or hundred thousands), which are
then matched using the hardware engine.
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A well-suited data structure for this implementation in the global coordinate system
domain would be a non-uniform grid that has the majority of subdivisions along the
gravity axis.

In one aspect of the invention, the at least one respective threshold and the
weighting depend on the uncertainty of an initial estimate of the pose of the cap-
turing device, e.g. a camera pose. In this case, the thresholds theta (6;) and the
weights (w;) depend on the propagated uncertainty of the feature position esti-
mate, propagated based on the device’s current pose estimation.

For instance, the uncertainty information is determined based on the type of sen-
sor for providing the position, orientation and/or altitude of the capturing device.

According to an embodiment of the invention, uncertainty information for a feature
is available and may be used to determine the check parameter P(c,r) and/or the
similarity measure D(c,r). For example, the thresholds (84, 9, ...in the above for-
mulas) may be changed dynamically depending on the uncertainty information of a
feature, and/or the parameters of the feature vector used for determining parts of
the distance measure D(c, r) or parts thereof (such as Au, Av, Ax, Ay, Az, Ad) are
selected depending on the uncertainty information.

For example, parameters having a low uncertainty may be used to determine the
first distance measure Ax and the threshold 6y is set to a low value. Parameters
having a high uncertainty may be used to determine the second distance measure
Ay and the threshold 6, is consequently set to a higher value. For example, the
uncertainty of each of the parameters p0, p1, p2 of the 3D position information of
the current feature P is available (wherein, for example, pO corresponds to the x-
coordinate in Cartesian coordinates, p1 to y, and p2 to z respectively). Suppose
the height p2 is determined with little uncertainty, but the coordinate measures pO
and p1 have a high uncertainty. In this case, p2 would be part of Ax, wherein p0
and p1 are part of Ay and 6 < 6.
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Claims

1. A method of matching image features with reference features, comprising the
steps of:

- providing a current image captured by a capturing device,

- providing reference features (r), wherein each of the reference features com-
prises at least one reference feature descriptor (d(r)),

- determining current features (c) in the current image and associating with each
of the current features at least one respective current feature descriptor (d(c)),

- matching the current features with at least some of the reference features by de-
termining a respective similarity measure (D(c, r)) between each respective current
feature descriptor (d(c)) and each respective reference feature descriptor (d(r)),
the determination of the similarity measure being performed on an integrated cir-
cuit by hardwired logic or configurable logic which processes logical functions for
determining the similarity measure.

2. The method according to claim 1, wherein the current image is an intensity im-
age or a depth image.

3. The method according to claim 1 or 2, comprising determining a respective dis-
tance measure (D(c, r)) between one or more properties of the respective current
feature (c) including the respective current feature descriptor (d(c)) and one or
more properties of the respective reference feature (r) including the respective
reference feature descriptor (d(r)) for the determination of the similarity measure

(D(c, r)).

4. The method according to one of claims 1 to 3, wherein a check parameter (P) is
calculated in order to determine whether a feature pair (c, r) with one of the current
features and one of the reference features is eligible to be a valid match.

5. The method according to one of claims 1 to 4, comprising determining a respec-
tive first distance measure (Ad) between each respective current feature descriptor
(d(c)) and each respective reference feature descriptor (d(r)) for the determination
of the similarity measure (D(c, r)).

PCT/EP2011/070489
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6. The method according to one of claims 1 to 5, comprising determining a respec-
tive second distance measure (Ax, Ay) between the position information (x(c), y(c))
of the respective current feature descriptor (d(c)) in the current image and the po-
sition information (x(r), y(r)) of the respective reference feature descriptor (d(r)) in
a common coordinate system for the determination of the similarity measure (D(c,

r)).

7. The method according to one of claims 1 to 6, comprising determining a respec-
tive third distance measure (Az) indicative of an angle between the position infor-
mation (z(c)) of the respective current feature descriptor (d(c)) in the current image
and the position information (z(r)) of the respective reference feature descriptor
(d(r)) in a common coordinate system for the determination of the similarity meas-
ure (D(c, r)).

8. The method according to one of claims 1 to 7, comprising determining a respec-
tive fourth distance measure (Au, Av) between a scalar property (u(c), v(c)) of the
respective current feature descriptor (d(c)) in the current image and the scalar
property (u(r), v(r)) of the respective reference feature descriptor (d(r)) for the de-
termination of the similarity measure (D(c, r)).

9. The method according to one of claims 4 to 8, comprising computing sum-of-
differences or sum-of-square-differences for determining the respective first, sec-
ond, third and/or fourth distance measure over a respective length or dimension

(i).

10. The method according to one of claims 4 to 9, comprising determining a re-
spective combined distance measure (D(c, r)) for the determination of the respec-
tive similarity measure by combining at least one of the respective first, second,
third and fourth distance measures with at least another of the respective first,
second, third and fourth distance measures.

11. The method according to one of claims 3 to 10, further comprising weighting at
least one of the properties, or of the distance measures between one or more
properties of the respective current feature and the respective reference feature,
or of the first, second, third and fourth distance measures, when determining the
combined distance measure (D(c, r)).
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12. The method according to one of claims 4 to 11, comprising determining at
least one respective check parameter (P(c, r)) by comparing at least one of the
respective second (Ax, Ay), third (Az) and fourth (Au, Av) distance measures with
at least one respective threshold, wherein the check parameter (P(c, r)) is used to
determine whether a feature pair (c, r) with one of the current features and one of
the reference features is eligible to be a valid match.

13. The method according to claim 12, wherein the at least one respective thresh-
old and the weighting depend on the uncertainty of an initial estimate of a pose of
the capturing device.

14. The method according to one of claims 3 to 13, wherein calculations for de-
termining the respective distance measure (D(c, r)) or parts thereof, and the re-
spective check parameter (P(c, r)) are performed in parallel in a pipelined manner
on the integrated circuit.

15. The method according to claim 14, wherein one respective distance measure
(D(c, r)) and/or check parameter (P(c, r)) is calculated per clock cycle of a clock
signal of the integrated circuit.

16. The method according to claim 14 or 15, wherein after determining a respec-
tive similarity measure (D(c, r)), the method further comprises storing a most simi-
lar (D1) and a second most similar (D2) similarity measure from the similarity
measures determined until then, and an index (cmin) of the respective current fea-
ture descriptor associated with the most similar similarity measure (D1).

17. The method according to claim 16, wherein the most similar similarity measure
(D1) is compared with a derivative (t*D2) of the second most similar similarity
measure, wherein if this éomparison fulfills a predetermined condition, the most
similar (D1) and second most similar (D2) similarity measure, the index (cmin),
and the associated reference feature descriptor (d(r)) is provided for further proc-
essing.

18. The method according to one of claims 3 to 17, further comprising determining
from the computed distance measures a lowest distance measure (D1) and stor-
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ing an index (cmin) of the respective current feature descriptor for which the low-
est distance measure has been determined.

19. The method according to one of claims 1 to 18, further providing a register
bank that holds a reference feature descriptor vector (R) and two accumulator reg-
isters (Pacc, Dacc)) for holding a respective check parameter (P(c, r)) and a re-
spective distance measure (D(c, r)), wherein only parts (ci and ri) of a respective
current feature descriptor vectors (C) and reference feature descriptor vector (R)
are compared at once.

20. The method according to one of claims 1 to 19, further including storing the
current feature descriptors (d(c)) on a memory (SRAM) of the integrated circuit
which are retrieved from the memory without wait states.

21. The method according to one of claims 1 to 20, further comprising

- associating with each of the current features at least one current feature descrip-
tor vector (C),

- wherein each of the reference features comprises at least one reference feature
descriptor vector (R),

- computing a respective similarity measure (D(c, r)) between each of the refer-
ence feature descriptor vectors (R) of the reference features and each of the cur-
rent feature descriptor vectors (C) of the current features.

22. The method according to one of claims 1 to 21, wherein at least a pixel of the
current image is set as a respective current feature in the current image.

23. The method according to one of claims 1 to 22, wherein the method is run on
different resolutions of the image.

24. The method according to one of claims 1 to 23, wherein a first feature extrac-
tion process is used to extract a first set of current features and a first set of cur-
rent feature descriptors is built for the first set of current features, and a second
feature extraction process is used to extract a second set of current features and a
second set of current feature descriptors is built for the second set of current fea-
tures, wherein the first feature extraction process and the second feature extrac-
tion process, or a first feature descriptor creation process and a second feature
descriptor creation process are different from each other and the feature matching
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process of the first and the second set of current feature descriptors are per-
formed by hardwired logic or configurable logic.

25. The method according to one of claims 1 to 24, further comprising performing
geometric verification after feature matching to remove incorrect feature matches
or to remove false positives in the case of classification.

26. The method according to one of claims 1 to 25, further comprising

- providing a set of reference features, wherein each of the reference features
comprises at least one first parameter which is at least partially indicative of a po-
sition and/or orientation of the reference feature with respect to a global coordinate
system, wherein the global coordinate system is an earth coordinate system or an
object coordinate system, or which is at least partially indicative of a position of the
reference feature with respect to an altitude,

- associating with a respective current feature at least one second parameter
which is at least partially indicative of a position and/or orientation of the current
feature with respect to the global coordinate system, or which is at least partially
indicative of a position of the current feature with respect to an altitude,

- matching the current feature with at least one of the reference features of the set
of reference features by determining the similarity measure between the at least
one first parameter and the at least one second parameter.

27. The method according to one of claims 1 to 26, including the step of defining a
search space with a reduced number of reference features within the set of refer-
ence features when matching the respective current feature, wherein the search
space is determined based on the at least one second parameter.

28. The method according to one of claims 1 to 27, including the step of consider-
ing indicators of the feature extraction process, for example the sign resulting from
feature extractor.

29. The method according to one of claims 1 to 28, wherein at least one of the
current feature descriptor (d(c)) or the reference feature descriptor (d(r)) is a high-
er level description of an object, making it invariant to scale and/or rotation and/or
light.
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30. An integrated circuit (1) for matching of image features with reference fea-
tures, comprising:

- an interface (4) for receiving a number of current feature descriptors (vectors c)
of respective current features taken from a current image captured by a capturing
device,

- an interface (4) for receiving a number of reference feature descriptors (vectors
r) of respective reference features, and

- a logic circuit (7-15) for determining a respective similarity measure (D(c, r)) be-
tween each respective current feature descriptor and each respective reference
feature descriptor for matching the current features with the reference features,
wherein the logic circuit comprises hardwired logic or configurable logic which
processes logical functions for determining the similarity measure.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-3, 18, 21, 22, 25, 29, 30

Matching image features employing a hardware accelerated
determination of a similarity measure of feature
descriptors, as known from Rehman et al., and further
developped to operate on depth images

2. claims: 4, 12-17, 27

Matching image features employing a hardware accelerated
determination of a similarity measure of feature
descriptoros, as known from Rehman et al., and further
developped to potentially avoid to determine the similarity
measure of a pair of feature descriptors by performing a
check based on a check parameter

3. claims: 5-11, 26, 28

Matching image features employing a hardware accelerated
determination of a similiarity measure of feature
descriptors, as known from Rehman et al., and further
developped to combine plural distance measures to obtain the
similarity measure

4., claim: 19

Matching image features employing a hardware accelerated
determination of a similarity measure of feature
descriptoros, as known from Rehman et al., and further
developped to iteratively compute distance the measure and
check parameter using certain hardware registers

5. claim: 20

Matching image features employing a hardware accelerated
determination of a similarity measure of feature
descriptors, as known from Rehman et al., and further
developped in respect of fast memory access

6. claim: 23

Matching image features employing a hardware accelerated
determination of a similarity measure of feature
descriptoros, as known from Rehman et al., and further
developped in respect of multiresolution image analysis




International Application No. PCT/ EP2011/ 070489

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

7. claim: 24

Matching image features employing a hardware accelerated
determination of a similiarity measure of feature
descriptors, as known from Rehman et al., and further
developped to include independent matching of feature
descriptors from two different extraction processes.
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