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Abstract: In this paper, we describe an image enhancement and interpretation methodology to enhance

and recognize surface defects and critical patterns from remote imagery of sewer pipeline inspection.

The objective is to provide inspectors and professionals with better tools to allow them to examine the

imagery for condition assessment. We present initial results of a collaboration with a robotic company

through a case study on computer-assisted processing and interpretation of sewer pipeline inspection

imagery. In the mean time, the described enhancement and interpretation methodology can also be ap-

plied to sewer pipeline condition assessment in an offline mode, where this methodology can support

professionals’ examination of acquired sewer condition imagery.
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Introduction

Currently, visual inspection is still widely used for
condition assessment of many civil infrastructure sys-
tems, such as bridges, highways, and sewer pipelines.
Sewer pipelines are particularly difficult to access by
human-entry approach for visual inspection. Video
based inspection using closed-circuit television (CCTV)
has been the predominant nondestructive method used
for remote visual inspection of sewer pipelines in the
United States". Through an inspection console, an
inspector can access the live imagery for remote in-
spection. A software package called Wincan® has
been embraced by most inspection contractors, utilities
and other maintenance professionals. It allows re-
cording, analyzing, and reporting defects through a
graphical user interface. An inspector examines a re-
motely captured live video which provides pipe condi-
tion information, and recognizes defects and useful
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pipe features from the survey video for further analysis
and maintenance decision making. However, the cur-
rent practice of CCTV inspection suffers at times from
being ineffective and error-prone due to inspector fa-
tigue or boredom. Moreover, the image quality ac-
quired from CCTV surveys is affected by the poor im-
aging conditions. For example, low contrast imagery
caused by poor illumination during a video inspection
can cause an inspector to miss some critical defects
during a lengthy video inspection process.

An image processing and analysis based methodol-
ogy in support of inspection and condition assessment
of sewer pipelines is the focus of this paper. Inspectors
or professionals, with the aid of computer enhance-
ment and interpretation, can examine the imagery for
surface defects and patterns of interest. In our research,
an image enhancement and interpretation methodology
was investigated and developed to highlight and iden-
tify surface defects. For example, the proposed ap-
proach emphasizes image features, such as cracks and
corrosion, from remote visual inspection imagery of a
sewer pipeline surface. In this paper, we present the
initial results of a collaboration with RedZone
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Robotics Inc. RedZone develops robotic sewer inspec-
tion mobile platforms, such as a device that is inserted
into a sewer, and acquires high quality video and im-
ages of sewer pipelines that can be displayed on an
inspection console manned by an inspector’®. We de-
scribe a framework for automatic image enhancement
and interpretation, and also illustrate it using experi-
mental test results from real remote visual inspection
data acquired by the RedZone robotic platform.

1 A Hierarchical Approach for In-
frastructure Assessment

The Pareto Principle (80/20 rule) observes that a ma-
jority of results are caused by a minority of inputs'*!. In
the domain of infrastructure assessment and asset man-
agement, a hierarchical approach for evaluating and
managing those assets, based on this Pareto Principle,
can help us to focus on the problem assets or assets of
interest that most likely lead to failure and make the
major contribution to the managerial and financial de-
cisions. Considering the sewer pipeline infrastructure
which is our focus in this paper, the hierarchical ap-
proach can be applied to strategically focus sewer in-
spection and assessment in those areas that most likely
need attention. The fundamental idea of the hierarchi-
cal approach is described as follows. Problematic re-
gions or regions of interest (ROIs) are identified by
inspectors and/or engineers from CCTV inspection
videos or images. Further attention is given to those
ROIs, instead of the entire network. Additional or
more sophisticated condition assessment techniques
can then be selected and employed to the ROIs. Based
on this second level of assessment, regions that have
critical defects and are most likely to fail are extracted
from the ROIs and can be further examined to acquire
multi-faceted condition data for more comprehensive
analysis. Furthermore, a maintenance strategy can be
determined, for example, where rehabilitation is
needed, what rehabilitation method is to be used, and
SO on.

In order to take advantage of and make effective use
of sewer inspection data, meaningful information from
the imagery needs to be extracted. For example, in an
inspection video, problematic regions or ROIs can be
detected automatically, and further attention can be
focused only on those detected regions. In addition, the
detected defects or patterns in the ROIs can be

classified according to their types and severity levels.
To achieve the detection and classification tasks de-
scribed above using an automatic means, recent tech-
niques in digital image processing, pattern recognition
and computer vision can be used.

In Section 2, we describe a computer-assisted image
processing and analysis methodology for enhancing
and interpreting surface defects/patterns in sewer in-
spection imagery. Image enhancement algorithms sup-
port an inspection process by correcting artifacts due to
various imaging conditions (e.g. inevitably inconsistent
and poor illumination, camera settings, and source of
lighting) and highlighting image features that are char-
acteristics of surface defects/patterns. Image interpre-
tation algorithms can make it feasible to automatically
examine and analyze large volumes of inspection im-
agery so that inspectors can concentrate on imagery
suggestive regions.

2 Computer-Assisted Image
Enhancement and Interpretation

The processing and analysis of sewer inspection im-
agery involve enhancing, recognizing, and quantifying
various objects in an image. Objects in inspection im-
ages may be any defect or pattern which is distin-
guishable in an image and is critical for condition as-
sessment and subsequent decision making. Digital im-
age processing and analysis have already been widely
used in many applications including medical imaging,
aerospace engineering, remote sensing, and semicon-
ductor manufacturing>. In the following subsections,
we describe the use of digital image processing and
analysis methods for image enhancement and interpre-
tation for sewer inspection imagery.

2.1 Computer-assisted image enhancement

Digital image processing can serve as a prelude to vis-
ual inspection, including both manual and automated
approaches. For example, sewer inspection imagery
can be enhanced, making critical features more distin-
guishable to human eyes and computational algorithms.
An image enhancement process is typically carried out
to achieve both better human visual perception and
computerized interpretation. For example, a bilateral
denoising filter or unsharp masking process can be
implemented for enhancing sewer images. A bilateral
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denoising filter smoothes an image without blurring
the edges'”). The unsharp masking algorithm involves a
filtering process to remove image noise and a histo-
gram adjustment process to enhance image contrast
and illumination®. A graphical illustration is shown in
Fig. 1. The image showing in Fig. la was enhanced,
and the resultant image is shown in Fig. 1b. The histo-
grams of the original image and the resultant image are
shown in Fig. 1c and Fig. 1d, respectively.

(a) Original image

(b) The resultant image after
unsharp masking
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Fig. 1 Example of image enhancement by unsharp
masking (image from RedZone)

An image histogram is a histogram of the pixel in-
tensity values in a digital image. To enhance the

Preprocessing

Feature
extraction X,

Feature vectors

contrast and illumination of the original image, we can
equalize its histogram so that the pixels are distributed
evenly over the entire intensity range”. As shown in
Fig. 1c, the histogram of the original image shows the
number of pixels at each intensity value in that image.
Resulting from the histogram equalization operation,
the histogram as shown in Fig. 1d is flattened, and the
contrast of the resulted image is essentially improved.
This enhancement using an unsharp masking technique
is useful for two reasons: (1) it provides a better visual
presentation for humans, and (2) it adjusts contrasts
and illuminations of different images used for image
analysis tasks. Thus, the detailed information (e.g.,
edges and other image features) in the original image
can be highlighted through image enhancement opera-
tions, while image noise is reduced through filtering.

2.2 Computer-assisted image interpretation

Automatic image interpretation is a difficult problem.
It is also task specific. Regarding the sewer inspection
task, it is important to detect objects of interest auto-
matically to assist human inspection and assessment
processes. Techniques in computer vision and pattern
recognition can assist human inspectors and engineers
in interpreting large data sets, for example, to detect
defects from hours of inspection videos and thousands
of still images. The general architecture of the auto-
matic image interpretation method for inspection and
condition assessment of sewer infrastructure is shown
in Fig. 2.

Interpretation

Y o™ Classification}—» Type identification

A
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Fig.2 Approach for automatic image enhancement and interpretation for sewer inspection (image from RedZone)

A preprocessed, enhanced inspection image is fed
into the interpretation process. The interpretation

process includes three main steps, which are detection,
feature extraction, and classification. The first step of
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the interpretation process is the detection of defects
and critical patterns, which are used for making engi-
neering and management decisions, in an input image.
The following step is feature extraction. The underly-
ing concept of feature extraction is to represent image
as vector, which is a suitable format for computers to
handle!®. Feature extraction can be considered as a
function to achieve this image-to-vector process. Fea-
tures could be the geometric characteristics of de-
fects/patterns, color features, texture features, histo-
gram features, and spectral features. An appropriate set
of features should be selected. One important consid-
eration when selecting appropriate features is the ro-
bustness of a feature. A robust feature can usually pro-
vide consistent recognition results. Features can be
extracted from the whole image or from specific re-
gions of an image. In fact, the feature extraction proc-
ess can also be part of image preprocessing process
and detection process, since features (e.g., color and
intensity of each pixel) are needed to be extracted and
used for some image enhancement and detection algo-
rithms. Once features are extracted, an image can be
analyzed computationally. The last step of the process
is classification. The objective of a classification proc-
ess is to identify the defects/patterns that are detected
in an image or a video. Automatic defect classification
from sewer images has been investigated recently, and
some common patterns including cracks and joints can
be identified”’. So far, few studies have investigated
the detection process, so the rest part of this section
describes in more detail the step of detection and is
customized for the domain of sewer inspection and
condition assessment.

Detection is the task of determining whether an im-
age contains defects/patterns or not (presence), and
localizing them if they are present (location). The de-
tection approaches can be grouped into two classes:
holistic knowledge-based approaches and local bot-
tom-up approaches.

2.3 Holistic knowledge-based approach

One of the major approaches to deal with detection
problems is the use of prior knowledge about the de-
fects/patterns, which exists in sewer inspection images.
A common method using prior knowledge for detec-
tion analyzes an image by matching features (e.g., tex-
ture, color, and size) of objects that are to be detected

with those in the image to determine the regions most

8101 " According to the pipe-

line assessment and certification program (PACP)!'"),

likely contain the objects!

there exist a large number of types of defects in sewer
pipes, and each defect may be of various shapes, colors,
poses and sizes under different pipe conditions. There-
fore, it is not feasible to use the common method de-
scribed above to detect a variety of defects/patterns in
sewer pipes, mainly because such common method
cannot deal effectively with variations in pose, shape,
and size!"".

However, to solve this particular detection problem
in the sewer infrastructure domain, we found that prior
knowledge about a healthy or normal pipe can be used
as a reference to differentiate the defected regions from
the healthy regions. By adopting the change detection
method!'>"!
difference image yielded by subtracting two images.
We have considered two feasible methods to generate
the difference image for ROI detection from sewer

, changes or ROIs are identified from a

inspection imagery. One is image-to-mean comparison.
A mean image of a set of inspection images or a video
clip can be calculated as a reference to be used for im-
age subtraction. Each image to be examined is sub-
tracted by the mean image to produce a difference im-
age. This method requires a relatively large number of
images to yield a good mean image for comparison,
and is particularly suitable for an offline analysis. An-
other is image-to-reference comparison. A pre-selected
reference image is used for image subtraction. A ref-
erence is usually needed to be chosen for different pipe
segments. Regarding CCTV on-site inspections, this
method is suitable since an inspector can easily point
out a reference image to be used by the automatic ROI
detection algorithm shortly after the inspection starts.

2.4 Local bottom-up approach

Different from the knowledge-based approach as de-
scribed above, a bottom-up approach for detection
does not require prior knowledge about pipe features,
but rather tries to cluster an image into homogeneous
regions and to classify each region as either belonging
to a defect/critical pattern or not. To cluster a sewer
image into regions, we adopted a commonly used
clustering algorithm, called k-means clustering. The
fundamental concept of k-means clustering is to mini-
mize intra-cluster variance based on similarity between
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data points. The k-means clustering approach partitions
image pixels into homogeneous groups that have simi-
lar feature properties through an optimization proc-
ess!®!. The objective function that we attempted to op-
timize (minimize) is shown in Eq. (1), where @ is the
objective function, C, represents clusters or groups,
i=1,2,3, ..., k X represents features or pre-attentive
attributes extracted from each pixel in an image. ¢, is

the centroid or mean point of all the points in i-th clus-
ter C..

D(C,X)=) D lx, -0

i=1 x;eC;

(M

Given n data points in a cluster, which are represented
as a set of feature vectors {x;}: X, X, ..., X,,, obtained
during the pre-attentive processing stage, and assuming
the number of clusters is & (k < n), we first need to ini-

tialize ¢ by randomly determining k cluster centroids.

Then we assign each x;to the nearest cluster centroid
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¢, and recalculate the new cluster centroids, and repeat

this process until it can no longer reduce the in-
tra-cluster variance by moving x; from one cluster to
the next.

The k-means method is fast to compute and easy to
use. However, the disadvantages of using a k-means
method have hindered us from further applying this
method for segmentation and visual perception of ac-
tual sewer pipe images. A k value has to be specified to
initiate k-means clustering algorithm. In a real inspec-
tion environment, it is not feasible to correctly predict
the number of regions that exist in each image. More-
over, the k-means segmentation results that we com-
puted in our experiments were not stable. For example,
the segmentation results using the same image can be
very different in different testing trials, as shown in
Fig. 3. This is mainly because the k-means method is
very sensitive to initial centroids, and hence regions

could form differently in different trials!**!.

Segmentation
k-means clustering

Test trial 1
k=3

Test trial 2

k=4

Test trial 3
k=4

Fig. 3 Different results generated by k-means segmentation (image from RedZone)

3 Conclusions and Future Work

Our research efforts are aimed at assisting the current
video inspection and condition assessment practice in
the domain of civil infrastructure systems, especially
with the focus on sewer pipelines. To achieve this ob-
jective, we have presented a computer-assisted image
enhancement and interpretation method by adopting
image processing and computer vision methods. The

studies of automatic detection of ROIs and defects
have been few to date, but this computer-assisted de-
tection approach could contribute significantly to fa-
cilitating sewer inspection activity, and hence is the
focus of this paper. Tailored to the domain of sewer
infrastructure assessment, we have presented two pos-
sible approaches, including a holistic knowledge-based
approach, and a local bottom-up approach. As for the
knowledge-based approach, we have preliminarily
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identified that a change detection method can be
adopted to detect defects/patterns. Extensive experi-
mental testing is currently being carried out to demon-
strate its feasibility and effectiveness. As for the bot-
tom-up approach, we illustrated a k-means clustering
method in this paper. Future investigation is required
to establish a more stable and robust clustering method
for segmenting a sewer image into regions for subse-
quent classification process.
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