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ABSTRACT
Colonoscopy is the accepted screening method for detec-
tion of colorectal cancer or its precursor lesions, colorectal
polyps. Indeed, colonoscopy has contributed to a decline in
the number of colorectal cancer related deaths. However,
not all cancers or large polyps are detected at the time of
colonoscopy, and methods to investigate why this occurs are
needed. We present a new computer-based method that al-
lows automated measurement of a number of metrics that
likely reflect the quality of the colonoscopic procedure. The
method is based on analysis of a digitized video file created
during colonoscopy, and produces information regarding in-
sertion time, withdrawal time, images at the time of max-
imal intubation, the time and ratio of clear versus blurred
or non-informative images, and a first estimate of effort per-
formed by the endoscopist. As these metrics can be obtained
automatically, our method allows future quality control in
the day-to-day medical practice setting on a large scale. In
addition, our method can be adapted to other healthcare
procedures. Last but not least, our method may be useful
to assess progress during colonoscopy training, or as part of
endoscopic skills assessment evaluations.

Categories and Subject Descriptors
I.4.8 [Computing Methodologies]: Image Processing and
Computer Vision—Scene Analysis, Motion

General Terms
Algorithms, Experimentation, Software

Keywords
Colonoscopy, Quality Measurement Metrics, Camera Mo-
tion, Video Segmentation
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1. INTRODUCTION
Advances in video technology are being incorporated into

today’s healthcare practices. Various types of endoscopes
are used for colonoscopy, upper gastrointestinal endoscopy,
enteroscopy, bronchoscopy, cystoscopy, laparoscopy, wireless
capsule endoscopy, and some minimal invasive surgeries (i.e.,
video endoscopic neurosurgery). These endoscopes come in
various sizes, but all have a tiny video camera at the tip
of the endoscope. During an endoscopic procedure, this
tiny video camera generates a video signal of the interior
of a human organ, which is displayed on a monitor for real-
time analysis by the physician. Colonoscopy is an important
screening tool for colorectal cancer. In the US, colorectal
cancer is the second leading cause of all cancer deaths be-
hind lung cancer [9]. As the name implies, colorectal cancers
are malignant tumors that develop in the colon and rectum.
The survival rate is higher if the cancer is found and treated
early before metastasis to lymph nodes or other organs oc-
curs.

The colon is a hollow, muscular tube about 6 feet long,
and consists of six parts: cecum with appendix, ascending
colon, transverse colon, descending colon, sigmoid and rec-
tum. Colonoscopy allows for inspection of the entire colon
and provides the ability to perform a number of therapeu-
tic operations such as biopsy and polyp removal during a
single procedure. A colonoscopic procedure consists of two
phases: an insertion phase and a withdrawal phase. Dur-
ing the insertion phase, a flexible endoscope (a flexible tube
with a tiny video camera at the tip) is advanced under di-
rect vision via the anus into the rectum and then gradually
into the most proximal part of the colon or the terminal
ileum. In the withdrawal phase, the endoscope is gradually
withdrawn. The purpose of the insertion phase is to reach
the cecum or the terminal ileum. Careful mucosa inspection
and diagnostic or therapeutic interventions such as biopsy,
polyp removal, etc., are performed in the withdrawal phase.
Video data of colonoscopy typically have many blurry (out-
of-focus) frames due to frequent shifts of camera positions
while moving along the colon. This is because current en-
doscopes are equipped with a single, wide-angle lens that
cannot be focused. Sharpness, brightness, and contrast of
the video frames depend on the endoscopist’s skills.

Although colonoscopy has become the preferred screen-
ing modality for prevention of colorectal cancer, recent data
suggest that there is a significant miss-rate for the detection
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of even large polyps and cancers [7, 11, 12]. The miss-rate
may be related to the experience of the endoscopist and the
location of the lesion in the colon, but no prospective studies
related to this have been done thus far. Indeed, there is no
measurement method to evaluate the endoscopist’s skill and
the quality of colonoscopic procedure. In general, the qual-
ity of a colonoscopic procedure can be evaluated in terms of
time of the withdrawal phase and thoroughness of inspec-
tion of the colon mucosa. Current American Society for
Gastrointestinal Endoscopy guidelines suggest that on av-
erage the withdrawal phase during a screening colonoscopy
should last a minimum of 6-10 minutes. The main purpose
of this paper is to develop new objective metrics from auto-
matic analysis of a colonoscopy video to evaluate the endo-
scopist’s skill and the quality of colonoscopy. We investigate
the following objective metrics in this paper.

• Metric 1 measures the overall duration of the insertion
phase termed the insertion time.

• Metric 2 measures the duration of the withdrawal phase
termed the withdrawal time.

• Metric 3 includes (i) the clear withdrawal time defined
as the duration of the withdrawal phase without out-
of-focus frames; and (ii) the ratio of the clear with-
drawal time to the withdrawal time defined earlier.
Even though the withdrawal time is long, we cannot
say that the quality of the colonoscopy is good if a
colonoscopic procedure has a lot of out-of-focus frames
in the withdrawal phase.

• Metric 4 includes the number of the camera motion
changes and the ratio of the number of camera motion
changes to the clear withdrawal time. More frequent
back and forth movements may indicate that the endo-
scopist is more carefully examining the colon and try-
ing to inspect the less visible side of folds, which are the
areas where missed colorectal cancers are found [11].

• Metric 5 includes the fraction of the clear withdrawal
time that is spent for close inspections of the colon
wall (“wall views”) and the ratio of close inspections
to global inspections (“lumen views”). This metric is
a first attempt at a coarse measure of how well the
colon mucosa is inspected.

Colonoscopy 

Video
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Frame Filtration

Camera Motion 
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For Metric 5
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Figure 1: Process for Computing Quality Metrics

To compute these metrics, we use the process in Figure 1.
First, we detect and discard out-of-focus frames from the
video of the colonoscopic procedure. Current endoscopes
are equipped with a single, wide-angle lens, and do not have
any camera operation function such as zoom-in, zoom-out
and auto focusing. Because of these limitations, a significant
number of out-of-focus frames (for colonoscopy the average

is about 37%, but it can be over 60% depending on endo-
scopist’s skill and patient’s conditions) are included in this
type of videos. The out-of-focus frames do not hold any
useful information. We call an out-of-focus frame a non-
informative frame (Figure 2 (a) and (b)) and an in-focus
frame as an informative frame (Figure 2 (c) and (d)). The
non-informative frames are usually generated due to two
main reasons: too-close (or too-far) focus into (from) the
mucosa of colon (Figure 2 (a)) or foreign substances (i.e.,
stool, cleansing agent, air bubbles, etc.) covering camera
lens or rapidly moving through the intracolonic space (Fig-
ure 2 (b)). We call the procedure to detect and remove
non-informative frames from the endoscopy videos the non-
informative frame filtration.

(a) (b) (c) (d)

Figure 2: Examples of Non-Informative Frames ((a)
and (b)) and Informative Frames ((c) and (d))

Second, we estimate the camera motions to find a bound-
ary between insertion and withdrawal phases. The insertion
phase does not always consist of continuous forward camera
motions. The withdrawal phase does not always consist of
continuous backward camera motions since the endoscopist
constantly moves a camera back and forth to obtain opti-
mal views to inspect the interesting regions such as polyps,
cancers, terminal ileum, crowfoot with appendix, ileo-cecal
valve, etc. Hence, either phase has an arbitrary number and
combination of forward and backward camera motions while
the dominant camera motions of insertion and withdrawal
phases are forward and backward, respectively.

Third, we segment a colonoscopy video based on the cam-
era motions such as forward and backward, which are called
oral direction and anal direction respectively as described
in Figure 3. We define a camera motion shot as a sequence
of consecutive frames with a single direction of camera mo-
tion. A camera motion shot can be either an oral shot which
represents the camera motion from the anus to the termi-
nal ileum (forward camera motion) or an anal shot which
represents the camera motion from terminal ileum to anus
(backward camera motion). By accumulating the values of
camera motions in the oral and anal shots in an entire video,
and finding a peak value, we can locate the end of insertion
phase and compute metrics 1-4 for quality evaluation.

Forth, we perform lumen identification to decide whether
an informative frame contains the colon lumen or not. A
frame without the colon lumen indicates close inspection of
the colon wall whereas a frame containing the colon lumen
indicates a more global inspection. Last, we compute the
proposed metrics using information from the previous steps.
Our contributions are summarized below.

• We are the first to investigate an automatic measure-
ment method that generates a number of objective
metrics to evaluate the endoscopist’s skill and the qual-
ity of colonoscopic procedures. Our metrics are de-
veloped based on expertise of a domain expert. No
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Figure 3: Camera Motions in a Colonoscopy Video

prior research has investigated objective quality mea-
surement methods for colonoscopy or other endoscopic
procedures.

• To calculate the proposed quality metrics, we address a
number of technical challenges. Based on the analysis
of camera motions, we introduce new video segmen-
tation techniques to segment a colonoscopy video into
anal and oral shots and the insertion and withdrawal
phases. We also propose a new lumen identification
algorithm to decide whether an image has the colon lu-
men or not based on shapes and intensity of regions in
the segmented image. We evaluate our proposed tech-
niques on real colonoscopy videos. Our experimental
results show that these techniques are promising.

The remainder of this paper is organized as follows. The
non-informative frame filtration is discussed as a prepro-
cessing step in Section 2. The video segmentation technique
based on camera motion estimation is presented in Section
3 and the lumen identification is discussed in Section 4. In
Section 5, we present the formal definitions of the quality
metrics. We discuss our experimental results in Section 6.
Finally, Section 7 presents some concluding remarks.

2. NON-INFORMATIVE FRAME FILTRA-
TION

Colonoscopy videos have a significant number of out-of-
focus (non-informative frames). To address this problem,
we previously developed the non-informative frame filtration
technique [2] to distinguish non-informative frames from in-
formative ones. Figure 4 shows the framework of our tech-
nique which consists of Discrete Fourier Transform, texture
analysis, and frame clustering.

The idea of our algorithm is based on the observation that
the frequency spectrums of informative and non-informative
frames exhibit different patterns. For instance, the non-
informative frame (Figure 4 (a)) has no clear object infor-
mation except the four strong edges at the corners of an
image running approximately at ±45◦ so its Fourier spec-
trum (Figure 4 (b)) shows prominent components along the
±45◦ directions that correspond to the four corners of the
image. Compared to the non-informative frame, the infor-
mative frame (Figure 4 (c)) has a lot of clear edge informa-
tion so its spectrum (Figure 4 (d)) does not show prominent
components along the ±45◦ directions because it has a wider
range of bandwidth from low to high frequencies The tex-
ture analysis is applied on the frequency spectrum image
to find the difference in patterns between the informative

Informative 

Frames
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Frame Clustering

Non-

Informative 

Frames

Informative 

Frames

(a)

(b) Frequency 

spectrum of (a)

(c)

(d) Frequency 

spectrum of (c)

Figure 4: Clustering-based Non-informative Frame
Filtering

frame and the non-informative frame. We use a well known
gray-level co-occurrence matrix and extract seven texture
features named Entropy, Contrast, Correlation, Homogene-
ity, Dissimilarity, Angular Second Moment, and Energy.

We utilize a two-step K-means method to classify frames
into two groups (i.e., the informative frame group and the
non-informative frame group), based on the seven texture
features of these frames. In the first clustering step, we set
the initial number of clusters to 3 (K = 3) to cluster frames
into three groups: the informative frame group, the non-
informative frame group, and the in-between group. The
frames classified into the in-between group from the first
step are used in the next clustering step. In the second
clustering step, we set the number of clusters to 2 (K = 2)
in order to further divide the frames in the in-between group
into two groups that are the informative frame group and
the non-informative frame group. Finally, all the frames are
clustered into the two groups, either the informative frame
or the non-informative frame groups.

3. VIDEO SEGMENTATION BASED ON
CAMERA MOTIONS

In this section, we present our video segmentation tech-
nique based on camera motions (especially, backward cam-
era movement and forward camera movement) in compressed
MPEG videos since our colonoscopy videos are in MPEG
format. We extract motion vectors directly from the P-
frames of our MPEG video. We use only the P-frames for
two reasons. First, usually every third and fifth frame in our
MPEG videos is a P-frame, and thus, the temporal resolu-
tion is sufficient for our case. Second, both the prediction
direction and the temporal distance of motion vectors in B-
frames do not exhibit useful patterns for our purposes. After
motion vectors are extracted and their outliers are filtered,
the video is segmented into oral and anal shots and phases.

3.1 Motion Vector Filtering
To deal with motion vectors that may not be relevant,

various outlier removal algorithms have been proposed. One
of them is a heuristic method [13], but it is more useful for
special cases. A smoothing filter has been used in [8] to
handle the general case, but erroneous outliers remain in
the motion vector field. We apply a more reliable method
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presented in [5] on every macroblock to detect the outlier
motion vectors. This method consists of two main steps
named smooth change and neighborhood. A motion vector
(mv) is declared as an outlier if both the steps declare it
as an outlier (see the examples in Figure 5). All detected
outliers motion vectors are then removed. The two steps for
outlier detection are explained as follows.

• Smooth change: The central mv is compared to each
average of four pairs of opposite neighbors. If the dis-
tance between the average mv of each pair and the
central mv is less than a certain threshold, it is con-
sidered as a supporting pair. In Figure 5 (a), pairs 1
and 3 are supporting pairs so the number of supporting
pairs is 2. If the number of supporting pairs is below a
threshold, the central mv is declared as an outlier. For
our experiments, we use a value 3 for the threshold of
supporting pairs.

• Neighborhood: A neighborhood motion vector sup-
ports the central mv if it lies within a tolerance angle
(see Figure 5 (b)). If the number of supporting vectors
is below a threshold, then the central mv is declared
as an outlier. For our experiments, we use a value 4
for the threshold of supporting vectors.

(1) 

(1) 

(2) (3) 

(4) 
(4) 

(3) (2) 

(b) Neighborhood (a) Smooth Change 

Figure 5: Patterns for Motion Vectors Filtering

3.2 Camera Motion Estimation
In this subsection, we discuss the camera motion estima-

tion in compressed MPEG video. A pattern-based approach
[1] estimates camera motions based on the analysis of motion
vector fields by matching motion vector fields with prede-
fined models in Hough space. Different camera motions will
be recognized by comparing the computed results with the
prior known patterns. However, such predefined pattern-
based approaches are noise sensitive and computationally
intensive. In addition, they do not estimate the magnitudes
of camera motions. More robust camera motion estimation
methods based on mathematical models such as affine flow,
planar surface flow, general optical flow, etc., have been pre-
sented [10, 3, 15]. The affine model is known to be more
resilient to noise, sparse motion vector fields, and represent-
ing all basic types of camera motions. As seen in Figure 6,
seven camera motions can be defined as follows.

Tracking : translation along X axis;

Booming : translation along Y axis;

Dolling : translation along Z axis;

Tilting : rotation along X axis;

Panning : rotation along Y axis;

Rolling : rotation along Z axis;

Zooming : change of the focal length (f);

Figure 6: 3D Camera Motion Model

All seven camera motions can be expressed in the affine
model as follows.

(
u
v

)
=

(
azoom
1 broll

1

−broll
2 azoom

2

) (
x
y

)
+

(
cpan

dtilt

)

+
1

z

((
adolly
1 0

0 adolly
2

) (
x
y

)
+

(
ctrack

dboom

))
(1)

where (u, v) is the motion vector of a macroblock located at
position (x, y) of each frame, z is the depth of the real world,

azoom
1 , broll

1 , azoom
2 , broll

2 , cpan, dtilt, adolly
1 , adolly

2 , ctrack and
dboom are scalar coefficients concerned with camera motions.
Since the endoscopes do not have zoom-in and zoom-out
functions, azoom

1 =0 and azoom
2 =0. So Equation (1) can be

rewritten as follows.

(
u
v

)
=

(
a

dolly
1

z
broll
1

−broll
2

a
dolly
2

z

) (
x
y

)
+

(
cpan + ctrack

z

dtilt + dboom

z

)
(2)

Let

a1 = cpan +
ctrack

z
, a2 =

adolly
1

z
, a3 = broll

1

a4 = dtilt +
dboom

z
, a5 = −broll

2 , a6 =
adolly
2

z
.

Equation (2) can then be rewritten as follows.

(
u
v

)
=

(
a2 a3

a5 a6

) (
x
y

)
+

(
a1

a4

)
(3)

Given the motion vectors, we calculate the parameter
values {a1, a2, a3, a4, a5, a6} using the Least Square Fitting
method. Let û and v̂ be the estimated motion vectors, then
the distance between the estimated motion vector (û, v̂) and
the extracted motion vector (u, v) is

Dist =
∑

x

∑
y

[(û− u)2 + (v̂ − v)2]

=
∑

x

∑
y

[(û− (a1 + a2x + a3y))2

+(v̂ − (a4 + a5x + a6y))2]

The parameter values are obtained when Dist is minimized
and the condition for Dist to be minimized is the first deriva-
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tive of Dist to 0 such as

∂Dist

∂a1
= 0,

∂Dist

∂a2
= 0,

∂Dist

∂a3
= 0

∂Dist

∂a4
= 0,

∂Dist

∂a5
= 0,

∂Dist

∂a6
= 0

By solving the above equations, we can get the parameter
values as follows.
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where,

N =
∑

x

∑
y
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∑

x

∑
y

x, B =
∑

x

∑
y

y
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∑

x
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y
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∑

x

∑
y

y2, E =
∑

x

∑
y

xy
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∑

x

∑
y
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∑

x

∑
y

ux, U3 =
∑

x

∑
y

uy

V1 =
∑

x

∑
y

v, V2 =
∑

x

∑
y

vx, V3 =
∑

x

∑
y

vy

Even though the parameter values {a1, a2, a3, a4, a5, a6}
are related with camera motions, we can obtain more reliable
camera motions such as Dolling Camera Motion (DCM),
Rolling Camera Motion (RCM), Horizontal Camera Motion
(HCM=Panning+Tracking), and Vertical Camera Motion
(V CM=Tilting+Booming) as follows.

DCM =
1

2
(a2 + a6), HCM = a1

RCM =
1

2
(a3 − a5), V CM = a4

Among the four camera motions, the dolling camera motion
(DCM) will mainly be examined because the dolling cam-
era motion is directly related to the forward and backward
camera movement. The positive DCM value means forward
movement and the negative DCM value means backward
movement.

3.3 Video Segmentation
Using the dolling camera motion (DCM), we can easily

segment a colonoscopy video into a number of shots, each of
which consists of the frames with the same camera motion
(oral shot or anal shot). However, the phase segmentation
needs more steps because all frames in the insertion phase
are not oral direction frames, and all frames in the with-
drawal phase are not anal direction frames. Even though, all
frames do not have the same directional camera movements
in each phase, the insertion phase consists of a large num-
ber of oral shots (oral direction frames) and a small number
of anal shots (anal direction frames), and the withdrawal
phase consists of a large number of anal shots (anal direc-
tion frames) and a small number of oral shots (oral direction
frames). Using these characteristics of colonoscopy videos,
we propose the following video segmentation method.

1. Non-informative frame filtration step removes
non-informative frames.

2. Camera motion estimation step calculates four
camera motions (Dolling Camera Motion (DCM), Rolling
Camera Motion (RCM), Horizontal Camera Motion
(HCM), and Vertical Camera Motion (V CM)) for the
informative frames.

3. Unreliable DCM value filtration step filters out
unreliable DCM values as follows.

• If there are few motion vectors (mv) between two
consecutive frames, an abrupt change exists be-
tween them and the estimated camera motions
are not correct. We remove this type of errors
by assigning DCM = 0 if the number of mo-
tion vectors is less than a certain threshold value
(mv < THη). In our experiments, we use a value
10 for THη.

• The DCM tends to have an incorrect value when
other camera motions such as Horizontal Cam-
era Motion (HCM) or Vertical Camera Motion
(V CM) have bigger values compared with DCM .
To reduce this type of errors, we assign DCM = 0
if the ratio of the magnitudes of HCM and V CM

to DCM (

√
HCM2+V CM2

DCM
) is larger than a cer-

tain threshold (THζ). In our experiments, we use
a value 1500 for THζ .

• Temporal information is utilized to filter out in-
correct DCMs. It is highly likely that any oral
or anal shots have more than two frames (we are
using 30 frames/second rate videos). Therefore,
we assign DCM = 0 if the number of consecutive
frames with the same direction is less than a cer-
tain threshold (THδ). In our experiments, we use
a value 2 for THδ.

4. Shot boundary detection step detects shot bound-
aries of a colonoscopy video based on camera move-
ments. As seen in Figure 7 (a), a colonoscopy video can
be decomposed into a number of pieces (P1, P2, · · · ,
Pi, · · · ) by the non-informative frame filtration. Each
piece consists of a number of frames with three differ-
ent kinds of DCM values: frames with positive DCM
values, frames with negative DCM values and frames
with DCM=0. Using the DCM values of frames in a
piece (Pi), we detect shot boundaries as follows.

(a) Let Pi have n numbers of frames (F i
1 , F i

2 , · · · , F i
n)

and let the DCM values of these frames be DCM i
1,

DCM i
2, · · · , DCM i

n. We consider two frames at
a time: F i

p and F i
q . Initially, we set p=1 and q=2.

(b) Check if the DCM value of F i
p is zero (DCM i

p =

0). If DCM i
p = 0, increment p and q by 1 (p =

p + 1 and q = q + 1) until the DCM value of F i
p

is not zero (i.e., forward movement or backward
movement exists.)

(c) Compare the DCM value of F i
p (DCM i

p) with

the DCM value of F i
q (DCM i

q) until F i
q is the

last frame of Pi (q = n) as follows.

• If DCM i
p×DCM i

q > 0, increment p and q by
1 (p = p + 1 and q = q + 1).

• If DCM i
q = 0, increase q by 1 (q = q + 1).
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• If DCM i
p × DCM i

q < 0, a shot boundary is

detected between F i
q−1 and F i

q . Two frames

(F i
p and F i

q) are reset such as p = q and q =
q + 1.

Figure 7 (b) shows an example of the detected
shot boundaries using the above process.

Non-Informative Frames

P2P1 Pi...... ... ... ...

0 0 - - - - 0 - - - 0+++ - - - 00 - - - - - +++0

(a)

(b)

DCM value is zero0: +: -:Positive DCM value Negative DCM value

Detected Shot Boundaries

Figure 7: Example of Shot Boundary Detection

5. Phase boundary detection step detects the bound-
ary between the insertion phase and the withdrawal
phase using the accumulated DCM . When we add
up all DCM values, the accumulated DCM value will
increase until the end of the insertion phase because
most of the frames in the insertion phase have for-
ward movements (i.e., positive DCM values). How-
ever, the accumulated DCM value will decrease during
the withdrawal phase because most of the frames in the
withdrawal phase have the backward movement (i.e.,
negative DCM values). For this reason, the boundary
frame between the insertion phase and the withdrawal
phase has the highest accumulated DCM values.

Figure 8 shows an example of video segmentation obtained
using our shot and phase segmentation method.

Colonoscopy Video

Non-Informative Frame Filtration

Video Segmentation

Insertion Phase Withdrawal Phase

Oral Shot Anal Shot Non-Informative Frames

Figure 8: Example of Video Segmentation

4. LUMEN IDENTIFICATION
Lumen identification is used to derive the metric to eval-

uate mucosa inspection during the withdrawal phase. A
lumen view is defined as an informative frame that contains
the colon lumen whereas an informative frame without the
colon lumen is called a wall view. A wall view occurs as

a result of a close inspection of the colon wall whereas the
lumen view indicates a more global inspection where more
than one side of the colonic wall is within the field of vi-
sion. Both local and global inspections are important. We
introduce the following metrics to evaluate mucosa inspec-
tion during the withdrawal phase. These metrics are (1) the
wall-lumen inspection ratio defined as the ratio of the num-
ber of the wall views to the number of the lumen views and
(2) the wall inspection fraction defined as the number of the
wall views to the number of the informative images.

The problem of deciding whether an image contains the
distant colon lumen or not has not been investigated in the
literature. The most related research effort determines the
colon lumen boundary given an image with the colon lumen
for microrobotic endoscopy in [14]. The colon lumen is rela-
tively darker (R1 in Figure 9 (b)) and there is more than one
bilateral convex colon wall around the colon lumen. The in-
tensity difference between consecutive colon walls is small.
We design our technique based on this observation. Our
technique utilizes the algorithm in [4] to determine whether
a planar region is convex or concave. Region R is consid-
ered convex if and only if for any pair of points p and q in
R, the line segment connecting p and q, is completely in R;
otherwise, the region is considered concave. Our technique
works as follows.

1. Segment the image using JSEG [6] and filter out all
the regions whose size is less than a pre-defined size
threshold t1. This is to eliminate regions that are too
small and unlikely to be the distant colon lumen.

2. Let r1 represent the region with the lowest pixel in-
tensity initially. If the intensity of r1 is greater than
another intensity threshold t2 or r1 is concave, declare
that this image is a wall view (no colon lumen). Oth-
erwise, we check for two colon walls surrounding the
colon lumen as follows.

Step 1: Let r2 be the closest neighboring concave re-
gion of r1. Compare the intensity difference be-
tween r1 and r2. If the difference is larger than
the intensity difference threshold t3, declare that
this image is a wall view and the algorithm ter-
minates. Otherwise, proceed to Step 2.

Step 2: Let r1 denote the region r2 and proceed to
Step 1 if this is the first time Step 2 is executed.
Otherwise, declare that the image is a lumen view
and the algorithm terminates.

Note that we repeat the two steps twice to check that
at least two colon walls are seen together with the colon
lumen before we declare that the image is a lumen
view.

Once we determine whether a frame is wall view or lu-
men view, we compute the metrics as defined earlier. As
an example, Figure 9 (a) shows an original image with the
colon lumen almost in the center. Figure 9 (b) depicts the
segmented image with the important regions, R1, R2, and
R3 labeled. For ease of visualization, we generate Figure 9
(c) by masking small regions and neighboring convex regions
with black pixels. Figure 9 (c) shows only R1, R2, and R3.
Region R1 is the convex region with the smallest intensity,
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representing the distant colon lumen. R2 is the concave re-
gion close to R1, representing a segment of the colon wall.
Considering R1 and R2 together, we see a bilateral convex
colon wall. R3 is another concave region close to R2, repre-
senting another segment of the colon wall.

(a) original image (b) segmented image (c) filtered image

R1

R2

R3

R1

R2

R3

Figure 9: Images processed during lumen identifica-
tion

5. QUALITY METRICS
In this section, we discuss five metrics to evaluate endo-

scopist’s skill and the quality of colonoscopy. The informa-
tion to calculate the quality metrics are obtained from our
video segmentation techniques and the lumen identification
technique in Sections 3 and 4, respectively.

• Metric 1: The purpose of the insertion phase is to reach
the proximal end of the colon. The insertion time (IT )
can be measured as follows:

IT =
NF0

Frame Extraction Rate

where NF0 represents the number of frames in the in-
sertion phase.

• Metric 2: The withdrawal time (WT ) is the duration
of the withdrawal phase. We calculate WT as follows.

WT =
NF1

Frame Extraction Rate

where NF1 represents the number of frames in the
withdrawal phase.

• Metric 3: Even though the duration of the withdrawal
phase is long, we cannot say that the quality of the
colonoscopy is good if a colonoscopy has a lot of non-
informative frames in the withdrawal phase. By adding
up the duration of only the informative frames in the
withdrawal phase, we can obtain the clear withdrawal
time (CWT ) and the clear withdrawal ratio (CWR)
computed as follows:

CWT =
NIF1

Frame Extraction Rate
, CWR =

CWT

WT

where NIF1 represents the number of informative frames
in the withdrawal phase.

• Metric 4: During the withdrawal phase, an endoscopist
may move a camera back and forth to examine suspi-
cious regions. This movement may be an indicator
of quality, as the endoscopist is trying to verify that
an area is indeed free of lesions on multiple inspec-
tions. These movements can be estimated by measur-
ing the number of camera motion changes in the with-
drawal phase (NCMC), and the ratio of the number

of camera motion changes to the clear withdrawal time
(RCMC) as follows.

NCMC = NS1, RCMC =
NCMC

CWT

where NS1 represents the number of oral and anal
shots in the withdrawal phase.

• Metric 5: We measure the number of wall views (NWV 1)
and the number of lumen views (NLV 1) during the
withdrawal phase. We then compute the following
metrics.

wall-lumen inspection ratio =
NWV 1

NLV 1

wall inspection fraction =
NWV 1

NIF 1

The wall-lumen inspection ratio helps to see whether
the endoscopist has appropriate ratio of both close in-
spections and global inspections in which the colon
lumen is seen. The lumen inspection fraction reveals
the fraction of the clear withdrawal time spent on ex-
amining the colon walls very closely.

6. EXPERIMENTAL RESULTS
In this section, we report our experimental results using

videos we produced in a control environment and real co-
lonoscopy videos. The produced videos are used for evalu-
ation of the performance of the camera motion estimation
since the ground truth of camera motions in these videos
are easy to determine. The data set of colonoscopy videos
is used to evaluate the quality metrics.

6.1 Evaluation of Camera Motion Estimation
The effectiveness of our video segmentation and related

quality metrics depends on the accuracy of the estimated
camera motions. To evaluate the camera motion estimation
technique, we produced six videos tracing the same distance
of a long corridor without zoom-in and zoom-out camera
motions, which resemble the contents of colonoscopy video.
Each of them has different content(s) based on camera mo-
tion, and the details are shown in Table 1.

Table 1: Test Set I: Produced Videos
ID Contents # of Frames

Video1 Fast Forward 275
Video2 Slow Forward 617
Video3 Fast Backward 265
Video4 Slow Backward 548
Video5 Forward-Backward-Forward 833
Video6 Backward-Forward-Backward 788

The column “ID” in Table 1 represents the unique ID for
each video, and the column “Contents” represents the con-
tent of each video. For example, “Fast Forward” means that
the video was recorded with only forward camera movement
with relatively high speed, and “Slow Backward” means
that the video was recorded with only backward camera
movement with relatively low speed. “Forward-Backward-
Forward” and “Backward-Forward-Backward” indicate the
order of camera movements in each video. Table 2 shows
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the error rate of the detected camera motion. The error
rate (ER) is computed as follows.

ER =
Number of Incorrect Motion Frames

Total Frames
∗ 100(%)

Table 2: Error Rate of Camera Motion Detection
ID ER-NOR ER-OR

Video1 5.80 1.45
Video2 10.46 0.65
Video3 18.46 1.54
Video4 14.60 0.73
Video5 8.65 1.44
Video6 9.64 1.02
Average 10.74 1.09

In Table 2, the label “NOR” means no outlier removal
whereas “OR” means outlier removal. The column “ER-
NOR” in Table 2 represents the error rate of the detected
camera motions without outlier removal. The column “ER-
OR” represents the error rate of the detected camera mo-
tions with outlier removal. The results show that our outlier
removal method significantly increases the performance of
the camera motion detection by reducing the average error
rate (ER) from 10.74% to 1.09%.

We can also verify the accuracy of the detected cam-
era motion by accumulating the Dolling Camera Motion
(DCM) values. Figure 10 shows the plot of the accumu-
lated DCM values of six different videos. All six videos were
recorded with the same physical distance of moving so the
last frames of six videos have very similar magnitude DCM
values around 1.7 regardless of the speed of the movement
in each video. Also, we can detect the boundaries between
the forward camera movement, and the backward camera
movement by calculating the local maxima of the accumu-
lated DCM values, and the boundaries between the back-
ward camera movement and the forward camera movement
by calculating the local minima, respectively. The arrows
in the two images at the bottom of Figure 10 indicate the
local maxima and local minima where the direction of the
camera movements changed.

6.2 Evaluation of Proposed Techniques
In this section, we evaluate the effectiveness of our quality

metrics with real colonoscopy videos. The total videos in our
test set last about 53 minutes, and consist of 97,107 frames
(30 frames/sec.). The details are shown in Table 3. The
column “ID” represents the unique id number for each co-
lonoscopy video, and the column “Total Frames” represents
the total number of frames for each video.

Table 3: Test Set II: Colonoscopy Videos
ID Duration (minute) Total Frames
100 20 36434
110 15 27659
117 18 33014

The average precision and recall for our non-informative
frame filtration for the test set II are 0.959 and 0.955, respec-
tively. Due to limited space, we omit the detailed results.
Table 4 shows the performance of the shot segmentation

Fast Forward Slow Forward

Fast Backward Slow Backward

Forward-Backward-Forward Backward-Forward-Backward
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Frame ID Frame ID

Frame ID Frame ID

Frame ID
Frame ID

#197 #413 #347 #539

Figure 10: Effectiveness of Accumulated DCM

technique based on camera motions. Column “S” repre-
sents the number of actual shot boundaries we manually
determined, column “T” represents the number of detected
shot boundaries and column “C” represents the number of
correctly detected shot boundaries. Table 4 shows the preci-
sions and recalls for our shot segmentation techniques, which
are very promising.

Table 4: Effectiveness of Shot Detection
ID S T C Precision(C

T
) Recall(C

S
)

100 536 574 461 0.803 0.860
110 535 558 470 0.842 0.878
117 434 444 384 0.864 0.884

Average - - - 0.834 0.873

Using our video segmentation technique presented in Sec-
tion 3, we can detect the boundary between the end of
the insertion phase and the beginning of the withdrawal
phase, which in the vast majority of cases is characterized
by the presence of terminal ileum, crowfoot with appendix
or ileo-cecal valve. Figure 11 shows the accumulated DCM
plots of three test videos depicting how our phase segmen-
tation technique correctly finds the boundary between the
end of insertion phase and the start of the withdrawal phase
utilizing the accumulated DCM . The arrow indicates the
frame with the highest accumulated DCM value for each
colonoscopy video, and the frame with the highest accumu-
lated DCM value shows the very proximal of the colon for
each colonoscopy video. However, it is not easy to verify
whether the detected frame is correct or not without the
overview around the frame with highest accumulated DCM
value. For this reason, three colon images are presented
below the accumulated DCM plot. The first image is the
frame with the highest accumulated DCM value, and the
second and third images are images of frames obtained 1000
or 2000 frames after the first frame, respectively.
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Figure 11: Phase Segmentation of Colonoscopy Videos

6.3 Evaluation of Quality Metrics
We measure the quality metrics presented in Section 4.

Using the non-informative frame filtration and video seg-
mentation techniques, we can obtain the following informa-
tion from the three colonoscopy videos (Table 5). Column
“NF” represents the number of frames; column “NIF” rep-
resents the number of informative frames; and column “NS”
represents the number of shots. The superscript of each col-
umn represents the phase ID (i.e., 0 for the insertion phase
and 1 for the withdrawal phase).

Table 5: Information of Colonoscopy Videos

ID
Insertion Phase

NF0 NIF0 NS0

Withdrawal Phase

NF1 NIF1 NS1

100

110

117

23534

8771

13694

5615

2281

3004

423

296

258

7427

12836

11748

147

262

186

12900

18888

19320

The generated quality metrics from automatic analysis of
videos in Table 5 are shown in Table 6.

• Metric 1: We compute the insertion time IT = NF0/30
because we extract 30 frames per second for our ex-
periments. The results are summarized in the sec-
ond column of Table 6. The colonoscopy video 110
has a short insertion time (about 5 minutes) and co-
lonoscopy video 100 has a long insertion time (about
13 minutes). Many foreign substances such as stool
were found during the insertion phase of colonoscopy
video 100 so it was more difficult for the endoscopist
to reach the proximal end of the colon. Therefore, it
has a bigger IT value.

• Metric 2: The withdrawal time (WT ) is computed as
WT = NF1/30. Current American Society for Gas-
trointestinal Endoscopy guideline suggests that on av-
erage the withdrawal time should last a minimum of
6-10 minutes. All three colonoscopy procedures com-
ply with this guideline. The details are listed in the
third column of Table 6.

• Metric 3: We measure the clear withdrawal time as
CWT = NIF1/30 and the ratio of the clear withdrawal
time to the withdrawal time (CWR = CWT/WT ).

Even though colonoscopy video 100 satisfies the guide-
line for the withdrawal time, we can say that actual
mucosal inspection time of colonoscopy video 100 is
lower than those of other colonoscopy videos because
it has a CWT of about 4 minutes and the lowest ra-
tio of the clear withdrawal time to the entire with-
drawal time (CWR=0.576). The withdrawal time of
colonoscopy video 117 is a little bit longer than that of
colonoscopy video 110, but the clear withdrawal time
of colonoscopy video 110 is longer than that of co-
lonoscopy video 117. The details are found in the forth
and fifth columns of Table 6.

• Metric 4: We measure the number of the camera mo-
tion changes (NCMC = NS1) and the ratio of the
number of the camera motion changes to the clear
withdrawal time (RCMC = NCMC/CWT ). There
are some regions in colonoscopy video 110 that the
endoscopist apparently can not see well so the endo-
scopist frequently moves a camera back and forth to
examine these regions in order to get the best pos-
sible view. Colonoscopy video 110 has bigger values
of NCMC and RCMC than the other videos so we
can expect that the colonoscopy video 110 represents
a colon that is different from the other two colons, and
may contain more angulations or haustrae which re-
quire more efforts in order to achieve optimal mucosal
inspection. The details are presented in the sixth and
seventh columns of Table 6.

Table 6: Automated Quality Metrics

ID
IT WT CWT CWR NCMC RCMC

100

110

117

13:04

4:52

7:36

7:10

10:29

10:44

4:07

7:07

6:31

147

262

186

0.594

0.612

0.475

0.576

0.680

0.608

(min:sec) (min:sec) (min:sec)

• Metric 5: For evaluation of this metric, we extracted
1 frame per second from the withdrawal phase of co-
lonoscopy video 009. Table 7 shows the ground-truth
in column “Reference” and the results from our soft-
ware. The ground truth indicates that the wall-lumen
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inspection ratio is about 33% and the wall inspection
is about 25% of the colon mucosa inspection. The
software-produced metrics are close to those of the
ground truth. The difference is attributed by the inac-
curacy introduced by non-informative frame filtration1

and lumen image identification. The parameters for
the software for this experiment are an size threshold
of 1500 pixels (about 1% of the total number of pixels),
an intensity threshold of 128, and an intensity differ-
ence threshold of 175 (see Section 4 for explanation of
these parameters.)

Table 7: Metric 5 for mucosa inspection of video 009
Metrics Reference Software
#informative frames (NIF 1) 549 549
#wall views (NWV 1) 135 117
#lumen views (NLV 1) 414 432
Wall-Lumen inspection 0.33 0.27
ratio

Wall inspection fraction 0.25 0.21

7. CONCLUDING REMARKS
In this paper, we propose automated and objective qual-

ity metrics from analysis of a colonoscopy video. These met-
rics may be used to evaluate the endoscopist’s skill and the
quality of colonoscopic procedures. To compute these met-
rics automatically, we introduce a new colonoscopy video
segmentation technique based on non-informative frame fil-
tering and camera motion and a new lumen image iden-
tification technique. Our experiments on real colonoscopy
videos demonstrate that our method indeed can be used to
automatically measure a number of metrics from digitized
colonoscopy video files. For cases where the endoscopists
fails to reach the proximal end of the colon, we do iden-
tify the location of maximal extend, but do not yet indicate
that this is not the cecum or terminal ileum. This metric,
location of maximal intubation, is topic of future studies.
Indeed, our future studies will include (1) development of
algorithms to detect the terminal ileum, crowfoot with ap-
pendix, ileo-cecal valve; (2) development of additional qual-
ity metrics that include more descriptive metrics of orien-
tation within the colonic lumen; and (3) evaluation of our
proposed algorithms using other types of endoscopy such
as upper gastrointestinal endoscopy, laparoscopy, wireless
capsule endoscopy, etc. Our final goal is to test our qual-
ity control metrics in routine colonoscopy practice, and to
determine which metrics predict a good long-term outcome.
For instance, it seems likely that longer CWT and CWR are
associated with a lower chance for missed polyps or cancers,
but such studies have never been done. Our software, run-
ning in the background, will be able to successfully complete
such studies.
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same, but some images are different.
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