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Abstract: In recent times, we have seen a massive rise in vision-based applications, such as video
anomaly detection, motion detection, object tracking, people counting, etc. Most of these tasks are
well defined, with a clear idea of the goal, along with proper datasets and evaluation procedures.
However, perimeter intrusion detection (PID), which is one of the major tasks in visual surveillance,
still needs to be formally defined. A perimeter intrusion detection system (PIDS) aims to detect the
presence of an unauthorized object in a protected outdoor site during a certain time. Existing works
vaguely define a PIDS, and this has a direct impact on the evaluation of methods. In this paper, we
mathematically define it. We review the existing methods, datasets and evaluation protocols based
on this definition. Furthermore, we provide a suitable evaluation protocol for real-life application.
Finally, we evaluate the existing systems on available datasets using different evaluation schemes
and metrics.

Keywords: perimeter intrusion detection; video surveillance; outdoor environment; real-time analysis;
i-LIDS

1. Introduction

In the last two decades, we have seen tremendous innovation in vision-based sys-
tems [1]. The massive installations of cameras in almost all essential sites, from banks to
supermarkets and in prominent streets, have further helped in developing and testing
these systems. Visual surveillance is one of the most important and relevant domains for
intelligent vision systems [2]. Visually surveying a site can include various tasks, such as
object detection, object tracking and anomalous behaviour detection [3]. One such task is
perimeter intrusion detection (PID), which aims to detect the presence of an unauthorized
object in a protected outdoor site during a certain time [4—6]. The cameras record videos
continuously in the outdoor site to be protected. The fact that it is an outdoor environ-
ment is very important here as it comes with challenges such as changing weather and
light conditions, insects, animals, etc., contrary to an indoor environment [7,8]. The user
defines protection area on the scene, potential intruder objects and the time during which
the system needs to protect (e.g., protection during night only). Given user needs, the
perimeter intrusion detection system (PIDS) detects intrusion and sends an alarm signal to
the surveillance personnel for verification.

One of the key goals of video surveillance is to detect behaviours that can be considered
anomalous. Anomalies are patterns in data that do not follow a well-defined notion of
normal behaviour [9]. Depending on the nature of input data and context, anomalies
can refer to different patterns, such as abnormal sections in a time-series data, abnormal
patches in an image, abnormal spatio-temporal volumes in a video, etc., as illustrated in
Figure 1. Concerning video data, video anomaly detection [10,11] refers to the detection
of unusual appearance or motion attributes in the video. In [12], a dataset is proposed
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containing 13 anomalous activities, such as abuse, arrest, accident, explosion, etc., and
they used multiple instance learning to detect anomalies. Depending on the context,
video anomaly detection can be specified in different tasks, such as abandoned object
detection [13], loitering detection [14], illegally parked vehicle detection [15], etc. Perimeter
intrusion detection also falls into this category [16-18]. In fact, intrusions are a particular
type of anomalies, classified as point and contextual anomalies by (Chandola et al. [9],
Section 3.5). Moreover, the notions of perimeter, intruder movement and site protection
time are crucial for the PID task, i.e., anomalous/unauthorized objects present in the video
are intruders only if they are in movement inside the designated perimeter when the
site is being surveyed. In other words, all intrusions are anomalies but not all anomalies
are intrusions.

Anomaly detection [Chandola, V. et al., 2009]

- s N
/\/idvo anomaly detection [Sodemann, A.A. et al., 2()1h
Loitering detection [Ramachandra, B. et al., 2020]
[llegally parked vehicle detection [Xie, X. et al., 2017]
Perimeter intrusion detection [Zhang, Y.L. et al., 2015]
Video 7 \Time-series/ | Image )

Figure 1. Venn diagram to illustrate the taxonomy of tasks in video anomaly detection.

In the visual surveillance literature, we find several comprehensive reviews on various
tasks, such as object detection [19,20], object tracking [21], anomaly detection [9], etc.
However, the PID task lacks such a review work. Few works define the PID task, but their
definition requires clarity [4,22,23]. It is essential to mathematically define the task as its
definition has a direct impact on the evaluation. In practice, when the PIDS detects an
intrusion, it sends a short video to the security post, where a human operator validates the
alarm as a true intrusion or otherwise. This short video, composed of several frames before
and after the suspected intrusion, must contain the intruder so that the operator can decide
to send the security team to the perimeter. The end of the intrusion event is not relevant
for this application. Consequently, the task of PID by video can be seen as the detection
of the beginning of an abnormal event in a perimeter. In the PID task, we want to detect
intrusion caused by human-based activities such as walking, driving a car, etc. To be sure
to not miss such an intrusion, the video must be acquired at between 5 and 25 frames per
second (FPS) [24]. This is the real-time constraint of this task. In practice, we would like to
detect intrusion as soon as it occurs; thus, we have time constraints. This requires a suitable
evaluation protocol that takes these particularities into account.

The intrusion detection task is closely related to other surveillance tasks and many
of these tasks, such as motion detection and tracking, can be an essential part of a PIDS
pipeline. Many existing methods address one of these auxiliary tasks in the surveillance
system. Only few methods tackle the problem of PIDS completely [22,24,25]. Since missing
intrusions in a site is considered as a major failure for a PIDS, existing methods are opti-
mized to detect as much as possible even at the cost of some false alarms [24]. Similarly,
unlike for auxiliary tasks, there is no standard protocol for evaluating a PIDS. The dataset
i-LIDS defines an evaluation protocol [26] but it is not widely adopted and has several
drawbacks, which we detail in Section 5.2.

Our main contributions are summarized as follows: (i) We propose a formal definition
of the PID task; (ii) We review the existing methods, datasets and evaluation protocols;
(iii) We provide a novel PID evaluation protocol; (iv) We compare all evaluation protocols
on a common dataset using existing methods.
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This article is organized as follows. In Section 2, we review the PID data with different
data acquisition strategies, their challenges and available datasets. Existing PID methods
are presented in Section 3. Section 4 formalizes the PID task using mathematical definitions.
In Section 5, we explain various evaluation protocols/metrics and present a new evaluation
protocol. In Section 6, we compare the evaluation protocols using existing methods. We
next provide a discussion in Section 7. Finally, we conclude in Section 8.

2. Review of PID Data

In this section, we first describe the various data acquisition systems with their associ-
ated advantages and drawbacks. Then, we identify the challenges associated with a PIDS.
Finally, we detail the existing datasets.

2.1. Data Acquisition

The area to be protected is observed with the help of cameras. These cameras acquire
the video stream in order to detect possible intrusions. The acquired data can be used as an
image sequence or as a video, depending on the system. The nature of data depends on the
type of camera used. Broadly, the following categories of video capture devices are used.

2.1.1. Visual Camera

These cameras capture the visible light in grey-scale or RGB images. Their advantage
is that they render an image visually closer to the naked eye. However, they need a certain
level of brightness in the scene and are sensitive to illumination changes [1,27]. At night,
they need additional lighting for the sensor to restore a sufficiently contrasted image [22,28].
Adverse weather conditions such as fog, rain, snow, etc., further limit observation of objects
to a short distance from the camera [22], and thus make detection difficult. Even after
all of these drawbacks, these cameras have been used extensively in video surveillance
systems as they are the standard imaging device [3,29]. They are one of the cheapest
available cameras.

2.1.2. Infrared Camera

Infrared cameras capture near-infrared emissions [30] from objects and are suitable
for environments with a low illumination level. They are coupled with infrared lighting
that can provide better contrast when an object moves past the camera [31]. It is difficult to
detect the object during rain in this camera as rain drops appear as thick stripes in front of
the camera [28]. In addition, this camera attracts flying insects and spiders that can raise
false alarms and, as a consequence, impact detection. These cameras are more expensive
than the color/visual cameras, with typical costs 1.5 to 2 times more than the color cameras.

2.1.3. Thermal Camera

Thermal cameras have passive sensors that capture the mid-wavelength infrared
radiation emitted by all objects with a temperature above absolute zero [30]. The main
advantages include no external lighting requirement [30], a lower sensibility to weather
conditions, ignoring object shadows [28] and long-range detection [32,33]. However, the
main drawback of the thermal camera is that it is difficult to distinguish an object from its
background when both of them have almost the same temperature. Thermal cameras cost
at least six times more than the color cameras.

2.1.4. Other Types of Acquisitions

All of these camera types can be used with additional sensors. The depth information
can help in determining the perspective size of an object and, thus, can help in better
intrusion detection [8,23]. However, using a depth sensor also has several problems, such
as mixed, lost and noisy pixels in the depth image [34,35].

Another type of camera, known as the event camera, captures only the motion infor-
mation in the scene [36]. It finds its application in motion detection, object segmentation,
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pose estimation, motion tracking, etc. [37]. It cannot capture static motion and absolute
intensity, and therefore is often used together with other cameras types. Event cameras are
not used for tasks such as video anomaly detection and perimeter intrusion detection yet,
where both spatial and temporal information are essential. The main reasons for this are its
extremely high cost and inability to capture visual features, such as texture and color.

We can also have a multi-camera system with similar or different types of cameras.
Intuitively, combining multiple sensors will provide more accurate information about
the targeted object and help to overcome occlusion. A visual surveillance system using
multiple cameras has been studied extensively [19,38,39].

Recently, an intelligent PIDS was proposed using an integrated image acquisition
device that combines visual and thermal cameras [22]. However, a multi-camera system
also brings new challenges, such as camera installation, camera calibration, object matching,
automated camera switching and data fusion [19].

2.2. Open Challenges

In the context of PIDS, the cameras are generally fixed in a static position to monitor
the area to be protected [3,40]. These areas include important industrial sites, private
property or land, etc. [22]. Most of the time, little or nothing is moving in these sites.
Some animals may move or trees may shake due to wind in the area but, generally, they
should be ignored by the system. However, the system must be operational continuously
for a number of days and encounter changing light and weather [26]. Detection of the
intrusion must be carried out quickly, within a few frames after the intruder enters the
scene [24,26,41]. Therefore, PID algorithms must address this type of scenario.

In a video surveillance context, a certain number of situations make intrusion detection
difficult. Several authors [40,42,43] have identified different challenges. These challenges
have been classified in different categories on the basis of data acquisition, scene capturing
and the object of interest. We advise the reader to refer to the previously cited articles for
more details.

2.3. Datasets

Since the task of intrusion detection can include various subtasks such as detection
and tracking, historically algorithms were tested on the datasets of these subtasks. For
example, CAVIAR [44], PETS2006 [45] and AVSS52007 [46] have been used to test the
tracking module of PIDS [47-49]. However, even after the immense success of deep
learning and computer vision in recent years, there is still only one dataset that is dedicated
for intrusion detection: the i-LIDS sterile zone dataset [26]. It has been extensively used in
the literature [4,24,25,41,48].

Other than i-LIDS, most works are on private datasets. One recent work introduces
a new dataset called SIC [24], but it is available under strict conditions and, without
annotations, omissions cannot be evaluated.

i-LIDS Sterile Zone Dataset

The imagery library for the intelligent detection systems (i-LIDS) sterile zone dataset
has been published by the UK Home Office for the PID task [26]. It is carefully designed
by end users of the technology to benchmark surveillance systems. It is provided with a
clear problem definition, annotation and evaluation procedure (see Section 5.2) to ensure
relevance for industrial application.

The PID task in this dataset consists of detecting the presence of people in a sterile
zone. There are two sites monitored by two different cameras (view 1 in color/monochrome
and view 2 in monochrome) as shown in Figure 2. Each site (view) is protected by a security
fence and the aim is to detect intrusion before it passes through the fence. Intruders are
one or two people trying to breach the fence in various ways. For example, people may
walk, run, crawl or roll towards the fence and, on occasion, may be carrying climbing aids,
such as a ladder. The intruders are situated at three different distances from the camera:
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close, middle and far. The cameras record videos over many days, capturing different
times of the day, such as dawn, day, dusk and night. They further include various weather
conditions, such as cloudy, rainy, snowy and foggy. Apart from intrusions, there are various
distractions that might trigger false alerts. Possible distractions include plastic or paper
waste moving due to wind, bats, birds, foxes, insects, rabbits, squirrels, shadows through
the fence, etc. Figure 2 illustrates this with various examples. These different weather
conditions, times of the day, various distractions and numerous ways of the intruder
approaching the fence make it a very challenging and realistic dataset.

Non-intrusion

Intrusion

Figure 2. Some raw frames drawn from i-LIDS sterile zone dataset [26] with various intrusion
(intruders in red boxes) and non-intrusion frames. The black and white and color frames belong to
view 2 and view 1, respectively. The time of the day in four columns are night, day, dawn and dusk.
The distractions in non-intrusion row (left to right order) are fox, insect on camera, shadow on fence
and birds with rain, respectively. In intrusion row (left to right order), we have log rolling intruder,
crawling intruder, two intruders and intruder with ladder during snow, respectively.

The dataset is divided into two disks for training and testing. The train disk is for
developing the PIDS and the test disk for verifying its performance. Each disk has two
cameras views with over 20 h of video recorded in the various previously cited situations.
All videos are taken at 25 FPS with 720 x 576 frame size resolution. The annotation
provided is the time interval of each intrusion event in the video, i.e., the entry and exit
time of people in the respective scene. Table 1 summarizes the i-LIDS dataset with a number
of videos and a different intrusion count per-video.

Table 1. i-LIDS sterile zone dataset description.

Number of Videos per Intrusion Count (Average Length in Minutes)

View Set Videos Intrusions 0 1 10 13 15 17 31
train 123 113 10 (29) 113 (3) 0 0 0 0 0
View 1
test 17 113 10 (29) 0 2 (36) 1(36) 1(49) 2 (46) 1(92)
train 113 103 10 (28) 103 (3) 0 0 0 0 0
View 2
test 16 103 10 (28) 0 1(37) 1(36) 1 (49) 2 (46) 1(92)

3. PID Methods

Figure 3 shows the typical PIDS pipeline with various associated tasks. In order to
review PID methods, we must review methods that tackled one or several of these tasks
with the aim to improve the PIDS pipeline, as only a few methods tackle the complete
PID task.
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Figure 3. Typical pipeline of a PIDS, composed of an optional offline training (left part) and an online
detection (middle part). An illustrative example of different steps in online detection is shown in
right part of the figure.

3.1. Pre-Processing

Low quality sensors and adverse environmental conditions such as snow, fog, rain,
extreme sunshine, etc., may produce highly noisy video streams. We cannot directly feed
this noisy data into the detection algorithm. Therefore, video enhancement is needed to
remove noise and improve the visual appearance of the video.

The existing video enhancement methods can be classified into two broad cate-
gories [50,51]: spatial domain enhancement and transform domain enhancement. Spatial
domain video enhancement deals directly with pixels, i.e., it makes a direct manipulation
of pixels in video frames. It is conceptually simple and has a low time complexity, which
favors real-time implementation but lacks robustness. Some surveys on this method can be
found in [52-54]. In most PIDS, some standard spatial enhancement is carried out on raw
frames [6,25,41], such as image resizing, image normalization, mean centering, colorspace
conversion (RGB to grayscale or vice versa), histogram equalization, etc.

Transform domain video enhancement operates on the transform coefficients of the
video frame, such as Fourier transform, discrete wavelet transform and discrete cosine
transform [54,55]. The video quality is enhanced by manipulating the transform coefficients.
This category of methods has a low computational complexity with ease of manipulating
the frequency composition of the video frame. Some major examples of PIDS using these
techniques are [25,41], using fast Fourier transform (FFT) on video frame patches and
decreasing noise by removing very low or high frequencies from FFT.

Apart from video enhancement, some other pre-processing can be conducted depend-
ing on the PIDS. In [25], patches of 16-pixel squares in each video frame are defined and
two regions (grass and fence area) are further designated for segregating the scene into an
authorized /unauthorized zone. Another common pre-processing is to have a fixed spatial
perimeter in each frame of the video [6,22,24,47]. This helps the PIDS to focus only on this
region of the scene and to ignore activities outside this perimeter.

3.2. Detection

This is an important step of the pipeline as the goal of PIDS is to detect certain
categories of objects that might cause an intrusion. There are two main families of detection
in video: (i) detection of blobs, analyzing the pixel motion, and (ii) detection of objects,
analyzing the image appearance with the localization and classification of objects.
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3.2.1. Motion Detection

The act of intrusion is caused by a moving object in a protected perimeter during an
unauthorized time. Therefore, motion detection is essential in a PIDS. The main approaches
can be classified into three categories.

Optical Flow

The notion of optical flow literally refers to the displacements of intensity patterns. It
is an approximation of image motion defined as the projection of velocities of 3D surface
points onto the imaging plane of a visual sensor [56]. Optical-flow-based methods use
partial derivatives with respect to the spatial and temporal coordinates to calculate the
motion between video frames. However, most optical flow methods are computationally
complex, very sensitive to noise and tough to implement in real-time settings. Some surveys
on optical flow approaches are [56,57].

Temporal Differencing

Temporal differencing uses pixel-wise differences among consecutive video frames
to extract moving regions. It is adaptive to dynamic environments and has a low compu-
tational complexity. However, it can fail to extract all of the relevant pixels and can leave
holes in regions. Some important studies can be found in [2,24,58,59]. The studies in [25,41]
use simple inter-frame differencing followed by some morphological operations for motion
detection in their PIDS.

Background Subtraction

Background subtraction is one of the key techniques for detecting moving objects in
video. It detects moving regions by taking the difference between the current frame and the
reference frame, often referred to as the ‘background model’. The detection ability depends
on the adaptiveness of the background model. Some popular background subtraction meth-
ods are: running Gaussian average (RGA) [60], Gaussian mixture model (GMM) [61], kernel
density estimator (KDE) [62] and visual background extractor (ViBe) [63]. Background
subtraction mainly suffers from illumination changes, a dynamic background, shadows,
camouflage, video noise, etc. [40]. These effects can present a background object as a false
foreground moving object or vice-versa. Most comprehensive surveys on background
subtraction-based methods are [19,33,40].

Concerning PIDS, Refs. [25,41] use Gaussian background modeling to discriminate
people (intruder) from background. The study in [4] uses background subtraction to extract
object blobs from the video frame, which are later used for tracking. The study in [22]
detects moving objects by comparing a background model with an input video frame in
real-time. The study in [24] detects objects using the RGA method.

3.2.2. Object Detection

Object detection, i.e., object localization and classification, has been a field of intensive
research, and intrusion detection is closely related to it. In fact, intruders belong to certain
categories of objects, such as people, car, bike, etc., to be detected in a protected area. Even
though intrusion can be caused by vehicles, animals, etc., the state of art mostly focuses
on detecting people. Object detection methods can be categorized into traditional and
deep-learning-based detectors [20]. Some traditional object detectors are the Viola—Jones
detector [64], histograms of oriented gradients (HOG) detector [65] and deformable part-
based model (DPM) [66]. With the advent of deep learning, we have achieved an excellent
performance in object detection with methods such as Faster R-CNN [67] and YOLO [68].
Still human detection can be challenging, especially in scenes with an atypical human pose,
such as crawling/creeping, occluded scenes [69] and scenes with low luminosity, such
as during night. The study in [70] addresses the problem of detecting humans at night
using a consistency—constancy bi-knowledge learning network that exploits the cross-time
(day and night) scene consistency and cross-frame background constancy. In [22], a 2D
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CNN-based supervised classifier for human intruder detection is used. Similarly, Ref. [47]
uses a pre-trained YOLO v2 network for intruder object detection.

3.3. Tracking

Tracking objects can be useful for a PIDS. Perimeter protection solutions may use this
information to impose detection constraints. For example, leaving an area can be allowed,
but not entering it. We can also think of raising an intrusion alarm only if an object is inside
the area for a specified amount of time. Furthermore, an efficient tracking module can help
a PIDS to not lose an object and re-initialize its timer.

A Kalman filter is applied on the texture of objects with a motion mask to build object
tracks [41]. Particle filters can be used too to track intruders [22,24]. In [25], an intruder is
tracked by logging positions of foreground objects over time. The study in [48] proposes a
tracking algorithm based on tracklet clustering. Finally, [47] uses the simple on-line and
real-time tracking (SORT) algorithm [71] for intruder tracking.

3.4. Joint Detection and Tracking

Since a video has two components, spatial and temporal, it is usually analyzed in
two steps. The first step captures spatial patterns by using detection on each frame (see
Section 3.2), whereas the second step uses tracking to apprehend temporal coherence (see
Section 3.3). This approach creates the hypothesis that spatial and temporal dimensions are
independent and can be processed sequentially.

Recent approaches jointly model spatial and temporal dimensions using 3D convo-
lutions and improve results in video analysis [72,73]. Applied to PIDS, an implicit joint
detection and tracking is performed by a 3D convolutional autoencoder in [6], trained in an
unsupervised way.

3.5. Post-Processing

Missing intrusions in the site are considered a major failure for a PIDS; therefore,
methods try to detect as much as possible, even at the cost of some false alarms [24]. These
false alarms need to be filtered, which is why we might need some sort of post-processing.
Even though this step is crucial in a PIDS, there are few publications on this topic because
manufacturers prefer to keep their post-processing confidential. However, despite this, we
can list several post-processing techniques.

Filtering objects of interest outside the chosen perimeter is the most common post-
processing and is used in major PIDSs [22,24,47]. Sometimes, blobs are inconsistent across
time, such as rain drops, and a filter can check the coherence of the blob trajectory. Detected
objects can also be filtered with a minimum threshold on the blob size. For example,
Ref. [24] filters all of the objects with a size less than four pixels. Since foreground objects
are bigger than background ones, perspective calibration learns the dimension of object
of interest as a function of its position in the scene. This allows us to filter objects with
a size smaller than the expected size of the object of interest at the same position in the
scene [74,75].

3.6. Alarm

To transform detected and tracked objects into alarms, PIDSs apply some sensibility
thresholds to set the omissions—false alarms trade-off [4,22,41,47]. These thresholds are
usually manually tuned during the actual deployment of the PIDS.

Moreover, some high-level rules can be applied to trigger the alarm. In [25], the alarm
is triggered if the intruder shows movement towards the target for a minimum time of 2 s.
In [22,47], alarms are generated as long as the intruder is inside the protection boundary,
while [24] adds an extra constraint, where it must be tracked for at least three frames.

Interestingly, some publications evaluate PIDS in a pure machine learning approach,
using metrics that integrate performances for all possible threshold values [6,7]. However,
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they do not describe a strategy to choose the thresholds, making it difficult to use them in
practical cases.

3.7. System Deployment

The actual deployment of the system is realized in three stages: an optional offline
model training, then an online initialization of the system, and, finally, online execution.

3.7.1. Model Training

Some PIDSs require offline training on part of the dataset for their detection or tracking
steps [6,22,47]. This training can be supervised, requiring labeled videos (tagging intrusion
frames or events); or, it can be unsupervised, under the assumption that there are no
annotated data in the dataset. In [4], a classifier model is trained as a multiple instance
learning problem by employing image-based features to distinguish intruder objects from
moving vegetation and other distractions. The studies in [22,47] use supervised object
detectors for intruder detection. The study in [6] learns an unsupervised deep autoencoder
on training videos having no intrusions in order to detect intrusions in testing videos.

3.7.2. System Initialization

During real-life deployment, most of the PIDS must be initialized for several seconds
in order to set the system’s internal state of the system aligned with the new scene in
order to protect [24,25]; for example, the mean and standard deviation of a GMM. This
online initialization must not be confused with the offline model training. Moreover, a
PIDS can have sensibility thresholds, which are manually tuned by the installer during
the deployment.

3.7.3. System Execution

The last stage is the online execution of the PIDS. It includes all of the steps of the
pipeline as illustrated in the right part of Figure 3. To provide a reliable protection, most of
the PIDSs work between 5 and 25 FPS [6,24,25].

Table 2 summarizes major PIDSs with various methods used in different steps of the
pipeline and the availability of the source code. We can observe that most systems use the
visual camera for data acquisition. Only one system uses the thermal camera and just one
system is multi-camera-based. Background modeling is used in most traditional systems
for detection, whereas deep-learning-based models use 2DCNN, a YOLO detector and
autoencoders. Regarding tracking, the Kalman filter, particle filter, tracklet-based tracking
and SORT are used. For alarms, most systems have their own rules depending on the
method. Three systems use supervised training, one system uses unsupervised training
and the rest do not include a training step.

Table 2. PIDS reviewed by chronological order, where columns represent steps of the pipeline, along
with model training needs and availability of source code. X denotes unavailability of the step,
whereas v denotes that the step is available but not detailed.

. Data Pre- . . Post- Model Code
Publication Acquisition Processing Detection Tracking Processing Alarm Training Available
Buch and Visual frame inter-frame Kalman
Velastin camltlera patches, differenc- filter X rule-based none X
[41] FFT ing
Vijverberg Visual background tracklet
etal. [48] camera v subtraction tracking X X none X
Buch and ] frame Gaussian
. Visual back- Kalman
Velastin camera patches, round filter X rule-based none X
[25] FFT 8

modeling
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Table 2. Cont.
. e Data Pre- . . Post- Model Code
Publication Acquisition Processing Detection Tracking Processing Alarm Training Available
Vijverberg Visual background tracklet .
etal. [4] camera v subtraction tracking v rule-based  supervised X
Multi- resize
Kim et al. C amera: calibration, 2D CNN pa.rt1cle ou.ts1de rule-based supervised X
[22] visual and perimeter filter perimeter
thermal
Ste;{n[ezrzl;]) (Z:;iig perimeter RGA P;litleile ob]ilcltlesue rule-based none X
Nayak et al. Visual erimeter YOLO v2 SORT X rule-based supervised v
[47] camera P p
Lohani Thermal resge, r}or- 3D ConvAutoencoder X X unsupervised v
etal. [6] camera malization

4. Definition of PID Task for Video Surveillance

The task of perimeter intrusion detection (PID) has been defined in various ways in
the state-of-the-art. In [4], it is defined as a monitoring system that identifies the presence
of humans or devices in a pre-defined field-of-view. In [22], the PIDS is defined as a
system that detects physical intrusions on a site having a protective barrier to isolate it
from outside. In [23], it is described as a system that detects the movements of intruders
attempting to breach a security wall or region and alert security. However, all of these
definitions lack clarity and formalization; for example, the following questions need to
be addressed: “what are intruders?”, “does moving intruder cause intrusion?” and “is a
protective area necessary?”. To answer all of these questions, we mathematically define a
PIDS. Before defining a PIDS, we must define what an intrusion is.

4.1. Intrusion in the Video

To properly define an intrusion, we need to define an object in the video.

4.1.1. Object in the Video

We define a video V acquired for T frames during the interval 7 = [1, T] as:

v={iertWrl (1)

teT
where I; denotes the frame at the time instant ¢, with height H, width W and number of
channels D. To define an object in the video, we must first specify the object definition at
frame-level. An object in a frame or image is defined with a spatial specification and a class
that distinguishes one family of objects from another (such as humans, animals or cars).
The spatial specification can be either on pixel-level by allocating each pixel to an object or
background, or on area-level by encapsulating the object in a bounding box. We choose the
bounding box as it has been used in the literature extensively [20]. It should be noted that
the choice of spatial specification cannot have an impact on the intrusion definition. Thus,
we define an object at frame-level with a class and a bounding box. To define an object in
the video, we take into account all of the frames where it is present. Therefore, an object o;
in the video is defined as:

0; = ({bitherci €C), 2)

where c; is the class of the object from the set of object classes C, and b;; is its bounding box
at time instant £, which is defined as:

bir ={8it Wit hit}, 3)



Sensors 2022, 22, 3601

11 0f 28

where g;;, w;; and h; ; are the center, width and height of the bounding box, respectively.
The center is defined by its coordinates as g;; = (x;t,yit) € I;. Note that, instead of the
bounding box center, it is possible to choose other points, such as the bounding box bottom,
as reference. We illustrate these definitions in Figure 4.

L L I Iy
b1 1 b1 2 b1 3
g£.1 by s 9%.2 hy o !]1_.3 his
H 1 1| b—t 11 b—d. |-
w1 wy,2 w13 ba
92,3 ho o
w23
w

Figure 4. Video with T frames of height H, width W and channels D = 1. Two objects, shown in
orange and green bounding boxes, are defined as 01 = ({b1,1,b12,b13},¢1) and 02 = ({b23},c2),
where ¢, c; € C are the object classes. Here, {1 1, b1, b1 3} are bounding boxes of object 1 on first
three frames and {b; 3} represents bounding box of object 2 at frame 3.

4.1.2. Intrusion Event and Intrusion Interval

For the protection of a site, the user must define parameters that qualify objects as
non-authorized (na), i.e., intruders.

e S, € REXW . the subset of the frame/ image, defining the surface to protect.

*  Tua C T : the time interval during which the surface must be protected (e.g., protection
during night).

*  Cyy C C: the set of non-authorized classes, such as person, car, truck, etc. These
classes of objects are considered as possible intruders and can be different according
to site and client demands.

Since Cp,; is a non-finite set (it is impossible to make the exhaustive list of non-
authorized objects, exposing the system to omissions), it is easier to ask the user to explic-
itly define the short list of authorized objects C, (such as small animals), which leads to
Cna = C\Ca.

An object causes an intrusion event if it belongs to a non-authorized class and is
moving in a protected area during a prohibited time interval. We define the intrusion event
caused by an object o; as:

ZE(0j) ={I st. c; € Chgand t € Ty and ||grad §it|| > 0and g € Spa }rer

where ||grad gj;|| is the gradient of object o; at instant ¢ and it being non-zero signifies
that the object is in motion. Thus, the intrusion event caused by object o; is a collection
of all of the frames I; such that t € T, object class c; € Cp,, the gradient is non-zero and
the bounding box center lies in the protected area. Figure 5 illustrates the intrusion event
caused by an object. The surface to protect Sy, is depicted with a pink trapezoid in each
frame, and we assume that we want to protect during the entire video. One object is present
in the video and it is shown with a rectangular bounding box plus a center. The object is in
motion from the second frame to the eighth frame. While in motion, the object’s center lies
in Sy, from the fourth frame until the seventh frame, causing an intrusion event. Thus, this
object triggers an intrusion event for four frames.
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Figure 5. Illustration of an intrusion event caused by a single object. Video with T frames, where Sy,
is shown with yellow surface and object with a green bounding box plus center. The object causes an
intrusion event for four frames from frame I to I, colored in red.

Since a video can have more than one object causing intrusion events, we define the
intrusion event of the whole video containing j objects as:

TEW) = | JZE(0)) - )

Figure 6 shows three intrusion events caused by three objects in the video. We can
observe that intrusion events of object 1 and 2 overlap for two frames, meaning that, for
those two frames, there were two objects causing intrusion events simultaneously. The
intrusion event of this video is a collection of all of the intrusion frames, marked by 1 in
the figure. In the context of video surveillance, we are concerned with whether there is
an intrusion event or not, regardless of whether one object or many objects are causing it.
Therefore, we are interested in an interval of a contiguous sequence of intrusion frames. We
term this as an intrusion interval, and the task of intrusion detection is focused on detecting
them. Formally, an intrusion interval ZZ C Z&(V) is defined on a closed interval as:

I7T = {I; € ZE(V) with t € [tstart, teng] .t Iy, -1 € ZE(V) and Iy, 11 € ZE(V) },

where tg4,+ and t,,,7 denote the first and last frames of an intrusion interval. In other words,
an intrusion interval is a contiguous sequence of frames of maximal size derived from
ZE(V). Figure 6 depicts two intrusion intervals of the video.

ZE(02)
L2 0 : normal

1 : intrusion
[oJofuefefafa]a]uafufoJoJou]a[e]e]i]o]ofo]o]o]
L L4

Figure 6. Illustration of intrusion event of the video and intrusion intervals. Objects 01, 0, and 03
cause intrusion events Z&(01), ZE(0;) and ZE& (03), marked with value 1. ZE(V) is collection of all of
the frames with value 1. Two intrusion intervals Z7; and ZZ, are shown in red intervals.

4.2. PIDS

Given a precise definition of intrusion, we can now define a perimeter intrusion
detection system (PIDS). Given a video V and intrusion parameters (Sua, Tna, Cna), the
prediction of a PIDS can be defined as:

P(V/Sna/ 7;1L1/ Cna) = {ﬁt S {0/1}}t€7;m 7 (5)
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where p; is a binary prediction for each frame ¢ of video V for time 7y, with 1 denoting a
frame predicted as an intrusion, and 0 otherwise. Therefore, a PIDS classifies each frame
into an intrusion frame or otherwise. This type of output is useful when we want to
evaluate a PIDS at frame-level [6]. In a real-life surveillance system, the system sends an
alarm signal to surveillance personnel as soon as there is a transition from a normal to
intrusion state [26]. The output of the PIDS can be derived from P as follows:

A(P) = { ﬁt € P st ﬁtfl € P with ]atfl =0and ;at =1 }te'];m .

This is a set of intrusion alarms created by the system, marked by the rising edge,
i.e., the transition of the system state from non-alarm to alarm. These alarms alert the
surveillance personnel about a suspicious activity. For each alarm, a mini-clip is sent
containing some frames before the alarm and some frames after the alarm. The surveillance
personnel visually analyze this mini-clip and decide whether it is an actual intrusion
activity or a false alarm. Therefore, we need an evaluation scheme that takes into account
this real-life scenario.

5. Evaluation Protocols

Given a video or set of videos, the PIDS detects intrusions. To evaluate the perfor-
mance, we need to compare the PIDS output with ground truth annotations. The manner in
which this evaluation is carried out impacts the final score metric. The following subsections
present different evaluation protocols.

5.1. Frame-Level Evaluation

As the name suggests, in this type of evaluation, we are interested in checking whether
each frame of the video is correctly classified as intrusion/normal or not. For a video V
and given intrusion parameters (Sya, Tna, Cna), the frame-level ground truth is defined as:

g(V/Sna/,ﬁm/Cna) = { pt € {0/ 1} s.t. pt = 1if pt € IS(V) }te’ﬁ,,, ’

where p; is the ground truth label for each frame ¢ of the video V at time 7y,; value 1
denotes an intrusion class, and 0 otherwise.

Given ground truth G and prediction P (see Equation (5)), the frame-level intrusion
evaluation is simply the binary classification evaluation of each frame of the video [76]. We
can calculate elements of the confusion matrix, i.e., the true positive (TP), false negative
(FN), false positive (FP) and true negative (TN), with intrusion as the objective class [6]. We
can then evaluate the performance of the PIDS depending on the choice of metric, such as
the precision, recall, F; score, etc., as defined in Section 5.4.

In this type of evaluation, each frame contributes equally to the overall score. Thus,
it can provide the same overall score for an algorithm that gives us multiple omissions of
intrusion events versus an algorithm that gives us an omission of some intrusion frames
in multiple intrusion events. This is an undesirable evaluation in the case of intrusion
detection because we cannot afford to have omissions of intrusion events. In reality, we are
more interested in knowing if the system is able to classify the intrusion events correctly as
a whole. This demands an event-level evaluation. In other words, we want to detect all
intrusion intervals (ZZs) from the video. More specifically, we are interested in evaluating
whether the beginning of these intrusion intervals are detected correctly. This is because, if
an intrusion event is detected too late, then that detection is not very useful. The idea is to
detect each intrusion interval as soon as it occurs and, thus, we need an evaluation scheme
that takes this into account.

5.2. i-LIDS Evaluation

For evaluating on the i-LIDS dataset, their user guide provides an evaluation proce-
dure [26]. It focus on evaluating intrusion at event-level rather than frame-level. To be
precise, an intrusion is considered correctly detected if there is at least one system alarm
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within 10 s from the start of the intrusion event. For an Z7 of the video and alarms A(P),
the rules of the i-LIDS evaluation protocol are as follows:

1. TP:if there is at least one alarm within 10 s from the beginning of the Z7. If there are
multiple alarms candidates, the first one is taken and the rest are ignored.

2. FN: if there is no alarm within 10 s from the beginning of the Z7.

3. FP:if there is an alarm but not within 10 s from the beginning of the ZZ. If there are
consecutive FPs within a 5-s gap among them, only the first one is considered and the
rest are ignored.

Apart from these, one rule is i-LIDS-dataset-specific: all ZZs and alarms that start
within 5 min from the beginning of the video are ignored. This means that they wanted
to give a preparation time to the system. This evaluation scheme is not generic and has
several drawbacks, as illustrated in Figure 7. It penalizes an alarm as an FP after 10 s from
the beginning of an 77 without taking into account the duration of intrusion. If the Z7 has
a long duration (such as an hour) and we have an alarm at the 11th second, it is not ideal
to mark it as an FP. From a practical point of view, the surveillance personnel will receive
a mini-clip as soon as the alarm is triggered and, if the intrusion is present, then it is not
sensible to mark this as an FP. Instead, this alarm should be ignored as it is not detected
within 10 s. Similarly, each alarm after 10 s but within Z7 is considered as an FP, and this
strongly penalizes the system precision. Instead, these extra alarms should be counted
without assigning them as an FP.

Time (in seconds) 0 10 20 30 40 50
1

Ground truth

1

System alarms Gl _f —|__T_

Figure 7. Illustration of i-LIDS evaluation protocol, highlighting its drawback on an intrusion example

starting at 9th second. Since no alarm has been raised in the first 10 s of the intrusion, a FN is counted.
Following alarms, at 22nd and 37th second, are marked as FP because they do not occur within 10 s
from the beginning of the intrusion.

5.3. Edge-Level Evaluation

To appropriately evaluate a PIDS while considering the real-world aspects, we propose
anew evaluation protocol. An intrusion event begins with a transition from a non-intrusion
to intrusion state, i.e., we have a rising edge as shown in Figure 8. Similarly, an intrusion
event stops by a reverse transition, i.e., a falling edge. We are interested in detecting
intrusion within a few frames from the rising edge. Since we focus on this rising edge, we
call this the edge-level evaluation. In other words, we emphasize detecting the beginning
of intrusion intervals. We first define the following terms from an intrusion interval of the
video (see Figure 8).

The intrusion interval neighborhood IN is an expanded interval defined by 7, frames
before and 71post frames after the 77:

IN(ZZ, NMpre, npost) = [tprer tpost} s.t. tpre = tstart(ZZ) — NMpre and tpost = fend (I7) + Mpost -

These Npre and Npost frames are in the range of one to five (less than 1/5 s for a video
at 25 FPS) and are added in order to take into account the error of annotation. This error is
due to the fact that it is difficult to mark the exact frame at which the intrusion starts or
ends. This tolerance further permits not strictly penalizing the system when an intrusion
event is detected a few frames before the actual event or when the system detects a few
more intrusion frames after the actual event is finished. These cases arise often when the
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intrusion object is in the scene but not inside the surface to protect. Therefore, IN is an
interval where the actual intrusion activity takes place, and an alarm given by a PIDS in
this interval can be counted as either TP or ignored. An alarm given outside IN must be a
false alarm and should be counted as an FP.

IN
A
s .
> Npre ++ >N < 1 > post*
s 1 T 1
| | |
Ground truth 0 _ht 1 ) e —
<Y
Y
IBN %L
(I D1 @ 10
Alarms: System 1 ! J ) L
TP IGNORED
I (\
FN
Alarms: System 2 )
Time

Figure 8. The top subfigure is the illustration of the definitions of edge-level evaluation terms on
ground truth, with time in abscissa and non-intrusion (0) and intrusion (1) class for each frame of the
video in ordinate. The next two subfigures represent examples of alarms and possible outcomes (TP,
FP, EN) for two different PIDSs evaluated by the edge-level protocol.

The intrusion beginning neighborhood IBN is an interval comprising Npre frames
before and # frames from the beginning of 77

IBN(ZZ, tpre, 1) = [tpre, tn] s.t. tpre = tstart(ZZ) — Npre and tn = tstart(ZZ) + 11 .

This interval signifies the importance of the initial frames of an Z7, where an intruder
has just entered the protected area, and it is in this interval where we ideally want the PIDS
to raise an alarm. An alarm raised in IBN must be a TP.

For an 77 and alarms A(P), the possible outcomes at edge-level are defined as (see
Figure 8):

1. TP:if there is at least one alarm in IBN. For multiple alarms in IBN, only the first one
is considered, and the rest are ignored.

2. FN:if there is no alarm in IBN.

3.  FP:if an alarm is outside IN. Each alarm outside of IN is counted as an FP.

In this evaluation scheme, alarms lying outside IBN but inside IN are ignored. This
means that we neither adversely penalize these alarms as an FP nor count them as a TP. In
event-level evaluation, whether i-LIDS or this scheme, we do not define a true negative
(TN). A TN is when a normal (non-intrusion) event is detected as such; in other words, how
well we are classifying a normal event as normal. However, this is not the aim of intrusion
detection; indeed, it is the opposite. Furthermore, the calculation of TN is ambiguous.
We cannot generalize what length of the non-intrusion video should be considered as a
TN. For example, a non-intrusion video clip of 5 min cannot be considered as similar to a
non-intrusion video clip of 5 days.

These rules are for individual ZZs, but how we deal with scenarios where the intrusion
neighborhoods are so close that they intersect one another is another matter. If INs of two
or more Z7 intersect one another, then we merge them into a single IN. The new IN consists
of npre frames of the first 77 and npost frames of the last ZZ, and all of the frames in
between are merged as an ZZ. Algorithm 1 summarizes the protocol to evaluate a video at
edge-level.



Sensors 2022, 22, 3601

16 of 28

Algorithm 1: Edge-Level Evaluation of a PIDS

1 Initialize variables 1, n1pre and npest.

2 Calculate IN for all Z7s of the video.

3 If two or more INs intersect, merge them into a single expanded IN.
4 Calculate intrusion beginning neighbourhood IBN for each Z7.

5 Obtain alarms A(P) from the PIDS.

6 Calculate TP, FN and FP.

7 Calculate precision, recall and other metrics.

5.4. Metrics

Since a PIDS has a binary classification task to classify a frame or event as an intrusion
(positive) or not (negative), we can naturally apply common metrics. The following metrics
are primarily suitable for a PIDS and have been widely used in the literature.

5.4.1. Precision and Recall

The precision is the percentage of correctly predicted intrusions out of the total pre-
dicted alarms, as defined in the left part of Equation (6). It is particularly useful when
we want to measure how false alarms are affecting the system. A high value of precision
denotes that we have very low false alarms. Clients usually demand a certain minimum
precision from the system.

_ TP Recall = — 1T
TP + FP T P FEN

The recall is the percentage of correctly predicted intrusions out of the total intrusions,
as defined in the right part of Equation (6). It is useful when the cost of the false negative
is high, i.e., when we cannot afford to have an omission of intrusion. Usually, the clients
prefer to have the minimum omissions possible. This means that we need to ideally
maximize recall.

Precision =

(6)

5.4.2. Fg Score

To take into account both omissions (FN) and false alarms (FP), we need a way to
combine precision and recall. The Fg score combines them with the 3 parameter as the bias
to give more or less importance to recall or precision.

(1+ B?) x Precision x Recall

Fa =
B (B2 x Precision) + Recall

@)

The most common values used for {3 are 0.5, 1 and 2. With 3 = 1, we obtain the F; score.
The F; score is the harmonic mean of precision and recall and it is widely used [4,48]. The
choice of the value of 3 depends on the client needs. For the i-LIDS dataset, they propose
two system roles with different bias values [26]. The roles are called ‘Operational Alert’
and ‘Event Recording’, with (3 as 0.81 and 0.87, respectively (In [26], they use « instead of
B. For equivalency, o = 2). The former role is designed for real-time intrusion detection
and, therefore, has a lower 3 value to give more importance to precision, as false alarms are
essential here. The latter role is for non-real-time systems, where videos are recorded and
analyzed on an offline basis. It has a higher (3 value, as we cannot afford omissions in this
case. Most PID systems [24,25,41] use this Fg metric for evaluating on the i-LIDS dataset.

5.4.3. Other Metrics

The metrics listed above are threshold-based, i.e., they depend on a single chosen
threshold of the classifier. Therefore, systems tend to choose a threshold to maximize the
final score, e.g., the study in [25] chooses a high detection threshold to eliminate false
alarms, as the metric used is Fg with 3 = 0.81, which favors precision. Thus, the results
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from these metrics tend to overfit the dataset, the choice of metric hyperparameters such
as 3, etc.

Alternatively, PIDS can be compared over a range of all possible thresholds, avoiding
bias evaluation by the choice of a given threshold. For this, we can either build the receiver
operating characteristic (ROC) curve or the precision-recall (PR) curve [76,77]. The area
under the curve (AUC) of ROC or PR curves gives an overall score between 0 and 1, where
1 is the best possible score. Since intrusions are rare events in videos, it is frequent to have
PID datasets with a very low number of abnormal (intrusion) frames compared to the
normal (non-intrusion) frames. When classes are highly imbalanced, such as in PID, AUC-
PR (AUPR) must be used to compare methods [6,77], rather than AUC-ROC (AUROC),
which gives inconclusive results. Then, when deploying the PIDS in a real site, the value of
the threshold must be defined and the results can be finally reported with precision, recall
and Fg scores.

6. Comparison of Evaluation Protocols for PIDS

In this section, we will compare the different evaluation protocols to evaluate the
existing PID systems.

6.1. Experimental Setup
6.1.1. Data

We used the i-LIDS sterile zone dataset with the two cameras views as described
in Table 1. We also considered the three intrusion distances (close, middle and far) pro-
vided with the dataset. We resampled the dataset to 5 FPS and manually verified and
adjusted annotations.

6.1.2. Methods

We compared the methods for which the source code is available (see Table 2): [47],
used as is, and [6], completed with output alarm in order to be comparable.

The first method [47] follows the typical PIDS pipeline (see Figure 3), along with some
deep-learning-based components. Given a video, frames are extracted and the user is
asked to draw a perimeter in the frame for protection. Then, the user is asked to choose
a potential intruder from pre-defined classes, such as person, car, etc. The system detects
the intruder object with bounding box using the pre-trained YOLO v2 network [68] and a
detection threshold of 0.25, only for class human. If the detected intruder object is inside
the pre-defined perimeter, then it is considered as an intrusion. Finally, the object is tracked
using simple online and real-time tracking (SORT) algorithm [71]. For testing it in i-LIDS,
we first drew a protection perimeter following the fences for each view. We then chose
person as an intruder class. Then, frames of each video are fed into the system and we
obtained a binary intrusion/non-intrusion class for each frame.

The second method [6] is an unsupervised deep-learning-based approach where a
3D convolutional autoencoder is trained on normal videos (without intrusion). While
testing, intrusion detection is conducted by marking video frames with high reconstruction
error. Since model requires grayscale video frames as input, i-LIDS dataset is converted
in grayscale before utilization. For each video frame, a pre-processing is performed with
histogram equalization. UpSampling architecture is trained on frames of original i-LIDS
dimensions (720 x 576), with same number of layers, but with (32,16) and (16,32) filters
in encoder and decoder, respectively. This neural architecture contains 60,889 trainable
parameters. Using only non-intrusion videos, model was trained on view 1 of i-LIDS
training set and tested on view 1 of i-LIDS test set (same procedure for view 2). Test uses
the same protection perimeter as defined for first method above. Finally, Ref. [6] presents
their results in terms of AUPR (see Section 5.4), which is threshold-independent. In real-life
PIDS, thresholds and other parameters must be fixed in order to decide whether the current
frame of video has intrusion or not. Therefore, we added an online z-score threshold [78],
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applied on window-level reconstruction error score and updated after each frame, allowing
us to compare results with [47].

6.1.3. Evaluation Protocols

We used the three evaluation protocols studied in Section 5: frame-level (FL), i-LIDS
and edge-level (EL) evaluations. For edge-level evaluation, we set the tolerance variables
fpre and npest to 3, i.e., less than 1 s of tolerance. For variable 7, the following values were
chosen: 5, 10 and 50. This signifies that we tested the methods to detect within 1, 2 and
10 s from the beginning of intrusion. The parameters for 1 and 2 s were selected to satisfy
the demands of a real-time PIDS, whereas the parameter for 10 s was chosen in order to be
comparable with i-LIDS evaluation protocol. For each evaluation protocol, we present the
results in terms of precision, recall and F; score as defined in Section 5.4.

6.2. Results

We will first present the overall results on view 1, then results at different distances on
view 1, and finally conclude with results on view 2. To avoid repetition in this section, we
will refer to the methods of Nayak et al. [47] and Lohani et al. [6], with online z-scores as
Nayak2019 and Lohani2021+zscore, respectively.

6.2.1. Overall Results for View 1

Figure 9 shows the results of two methods on view 1 of the i-LIDS test dataset through
different evaluation protocols (see Appendix B, Table A1 for tabular results). To better
understand these results, we must comprehend how these two methods predict intrusions.

L0 % E i i
i | !
0.9 o 1 H H 8
. ] ] ]
| | |
i i i
08 1 : ! ! &
i i i
1 1 (2) 1 X
0.7 ; B 4 |
i i i
064 A P X i :
: y |
gos P = |
= 2 : ! :
041 Al ! !
- ] 1 1
i i i
031 1 H H
i i i
x ! 1 | X Precision
0.2 ! ! | O Recall
! | I a R
i i i
011 | | —— Nayak2019
i i Lohani2021+2score
0.0 T T L T L T T
FL i-LIDS (10s) EL(1s) EL (2s) EL (10s)

Evaluation protocol

Figure 9. The results on view 1 of i-LIDS test set for two methods: [47] (in blue) and [6] with z-score
(in orange). The abscissa represents three evaluation protocols: frame-level (FL) (on left subfigure),
i-LIDS and edge-level (EL) (on right subfigure). i-LIDS is evaluated by default for 10 s whereas, for
EL, we show results for 1, 2 and 10 s. The ordinate represents values of three metrics: precision, recall
and F; score.

Figure 10 shows predictions using these methods on a portion of the video taken from
the i-LIDS test dataset. It can be observed that Nayak2019 has a higher number of correct
frame predictions in intrusion intervals compared to Lohani2021+zscore. We can also see
that Nayak2019 has a smaller number of false detections than Lohani2021+zscore. These
two observations have a direct consequence on the frame-level results as shown in the
left subfigure of Figure 9. We see that Nayak2019 has a higher recall and precision than
Lohani2021+zscore.



Sensors 2022, 22, 3601

19 of 28

o 1

£ || |

s

g

~ 0 , ,
Time (in frames)

(@)

o 1

1S

ks

=

g

~ 0

Time (in frames)
(b)

Figure 10. Example of per-frame predictions of two methods on a portion of video taken from i-LIDS
test dataset. The intrusion intervals are shown in light red strips, the abscissa represents frames
and ordinate shows prediction, where 1 signifies intrusion and 0 otherwise. (a) Nayak et al. [47].
(b) Lohani et al. [6] with z-score.

Since an intrusion alarm is raised as soon as a system changes its state from 0 to 1, it
is important to take these state changes into account. For the i-LIDS evaluation protocol,
if there is at least one alarm in the first 10 s of intrusion, it is counted as a TP. However,
alarms after 10 s are counted as an FP, as already explained in Section 5.2. It can be
observed that Nayak2019 has a high number of intrusion alarms from the beginning to
end of each intrusion interval. These alarms at the end are considered as false detections.
This explains the poor precision score of Nayak2019 in the i-LIDS evaluation protocol as
shown in Figure 9. Since this method rarely misses producing alarms within the first 10 s,
we have a very low number of FNs, and this is depicted with a high recall score in Figure 9.
Lohani2021+zscore has a lower number of alarms, and most of them occur at the beginning
of intrusions as shown in Figure 10. This leads to a smaller FP due to fewer late predictions,
and we have a good precision value as seen in Figure 9. This method also has few omissions
within the first 10 s; therefore, we observe a good recall value in terms of i-LIDS evaluation.

In the edge-level evaluation protocol, if an alarm is not raised within the first n frames
or seconds of an intrusion, then it is considered as an omission or false negative. Since it
is a difficult task to raise the alarm in 1st second of an intrusion, EL (1 s) has a low recall
for both methods (Figure 9). As we evaluate for 2 and 10 s, both methods have more time
to raise an alarm and we observe an increase in recall. Nayak2019 has a lower recall than
Lohani2021+zscore in EL (1 s) and EL (2 s) because the former sometimes raises an alarm
too late as shown in the rightmost intrusion interval of Figure 10. Regarding precision, here,
the excessive late alarms of Nayak2019 are not penalized as FPs. Therefore, in contrast
to i-LIDS evaluation, we observe a better precision value for Nayak2019 in edge-level
evaluation. Lohani2021+zscore raises fewer false alarms than Nayak2019 and, thus, has a
better precision in edge-level evaluation.

Overall, we observe that Nayak2019 fluctuates frequently between non-intrusion and
intrusion prediction, thus producing a high number of alarms. This is because it is focused
on human detection and it often loses track of the human from one frame to another, and
then re-detects it. Furthermore, it has very few predictions outside intrusions. That is why
we have a good precision and recall value at frame-level. However, as we go to i-LIDS
and edge-level, we observe that we have a low precision value. This is because, from this
high number of alarms, only few are relevant, i.e., the ones at the beginning of intrusions.
Other alarms are either treated as false alarms or discarded depending on the protocol.
The aim of intrusion detection is to detect the intrusion as soon as possible and not just
to classify each frame; therefore, it is important to use the right protocol that emphasizes
it. For Lohani2021+zscore, we observed that it has a lower number of alarms. It focuses
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more on the beginning of intrusion events and, due to the z-score, it quickly adapts itself,
thus producing intrusion predictions for only a few frames. This is why we have a poorer
frame-level score. However, in both i-LIDS and at edge-level, we have a good score because
this method raises the alarm as soon as the intrusion occurs, and this is what we expect
from a PIDS.

To understand where these methods struggle, we now present results based on the
intruder distance from cameras.

6.2.2. Results for Intrusions at Different Distances from Camera for View 1

Figures 11-13 present results of the two methods at close, middle and far distances
from the camera using different evaluation protocols on the i-LIDS test dataset for view 1.
We observe that, regardless of protocols or methods, we have the best performances when
the intruder is close to the camera and the worst performances when the intruder is far.
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Figure 11. The results of two methods: Nayak et al. [47] (in blue) and Lohani et al. [6] with z-score (in
orange), tested on view 1 of i-LIDS test set with intruder at close distance from camera. The abscissa
represents three evaluation protocols: frame-level (FL) (on left subfigure), i-LIDS and edge-level (EL)
(on right subfigure). i-LIDS is evaluated by default for 10 s whereas, for EL, we show results for 1, 2
and 10 s. The ordinate represents values of three metrics: precision, recall and F; score.

We also observe in these three figures that the frame-level evaluation follows the same
trend as the overall results and does not add significant information to draw conclusions.
Therefore, we focus on i-LIDS and edge-level results for interpretation.

Edge-level results of Nayak2019 at three distances show that the recall increases
rapidly as we move from 1 s towards 10 s. Visual inspecting revealed that these events
consisted of intrusions where the intruder was not standing straight, i.e., the intruder was
crawling, body dragging, log rolling, etc. Given 1 or 2 s, Nayak2019 was not able to detect
these intrusions. Nayak2019 uses YOLO trained on VOC2012 [79], a dataset containing
only standing humans. Since it can only detect what it has learned on the dataset, YOLO
fails to detect intrusions performed by non-standing humans. However, eventually, these
intruders stood up and, if it happened within the first 10 s, then they were detected. We
can see that these recall scores decrease with an increased distance from the camera, the
reason being a smaller intruder object size, along with activities such as crawling. The
precision scores remain almost similar with time. This is because the false positives remain
detected regardless of time. The FPs were caused by a vertical sign board being detected as
an intruder. Since these false positives were predicted more when the distance is farther
away from camera, the precision decreases with an increase in the intruder distance. The
i-LIDS-level evaluation does not reveal this information explicitly.
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Figure 12. The results of two methods: Nayak et al. [47] (in blue) and Lohani et al. [6] with z-score (in
orange), tested on view 1 of i-LIDS test set with intruder at mid distance from camera. The abscissa
represents three evaluation protocols: frame-level (FL) (on left subfigure), i-LIDS and edge-level (EL)
(on right subfigure). i-LIDS is evaluated by default for 10 s whereas, for EL, we show results for 1, 2
and 10 s. The ordinate represents values of three metrics: precision, recall and F; score.
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Figure 13. The results of two methods: Nayak et al. [47] (in blue) and Lohani et al. [6] with z-score
(in orange), tested on view 1 of i-LIDS test set with intruder at far distance from camera. The abscissa
represents three evaluation protocols: frame-level (FL) (on left subfigure), i-LIDS and edge-level (EL)
(on right subfigure). i-LIDS is evaluated by default for 10 s whereas, for EL, we show results for 1, 2
and 10 s. The ordinate represents values of three metrics: precision, recall and F; score.

The edge-level results of Lohani2021+zscore at three distances also show that the recall
increases rapidly as we move from 1 s towards 10 s. By visual inspecting, we found that
these events consisted of intrusions where either the background of the video frame was
similar to the intruder (camouflage), and/or the intruder was not standing straight, and/or
there was a light flickering. Given more time (1 to 10 s), most of these intrusions at close
and middle distances were detected, but the method was still not able to detect intrusions
at a far distance due to the smaller object size. The three figures depict this phenomenon.
Here, too, the precision scores remain almost constant with time. The FPs here were caused
by different reasons, such as a flying bird, sudden light change and light flickering during
night. These false positives were predicted more when the distance is farther away from
camera; therefore, the precision decreases with an increase in the intruder distance. Again,
the i-LIDS-level evaluation fails to reveal this information explicitly.
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6.3. Overall Results for View 2

The results of view 2 are shown in Figure 14 (see Appendix B, Table A2 for tabular
results). We can observe that Lohani2021+zscore has a similar trend of results like in view 1
in all evaluation protocols, but with a slight decrease in metric values. This slight decrease
in values is due to an increase in FPs and FNs, which is linked to more videos of light
fluctuation and intrusion at a far distance in monochrome videos of view 2. For Nayak2019,
we obtain similar results to view 1 in frame-level and i-LIDS-level evaluation. In edge-level
evaluation, we observe a perfect precision score of 1. This is because this method did not
predict any false detection outside the intrusion interval in view 2. This perfect precision
score augments the overall score of Nayak2019 in edge-level evaluation. This important
detail of no false detection was not captured by the i-LIDS-level protocol and we observe a
poor value of precision. We found similar observations to view 1 for the results of these
two methods on view 2 with the intruder at different distances from the camera and, for
sake of space, we provide these results in the Appendix A.
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Figure 14. The results on view 2 of i-LIDS test set for two methods: Nayak et al. [47] (in blue) and
Lohani et al. [6] with z-score (in orange). The abscissa represents three evaluation protocols: frame-
level (FL) (on left subfigure), i-LIDS and edge-level (EL) (on right subfigure). i-LIDS is evaluated by
default for 10 s whereas, for EL, we show results for 1, 2 and 10 s. The ordinate represents values of
three metrics: precision, recall and F; score.

7. Discussion

It is clear that detecting intrusions should be evaluated at a higher level than frame-
level. That is why almost all methods in the state of the art use i-LIDS evaluation [24,25,41].
However, the major problem with this evaluation is that it penalizes all alarms after 10 s,
even if they are well within the intrusion interval. It is indeed too strict in counting FPs,
and this hits the overall score negatively, regardless of the fact that the system has detected
intrusion well within 10 s. To address the issue, we have proposed the edge-level evaluation.
Here, we can parameterize the time after intrusion beginning for the evaluation. This helps
in testing the system for different practical time settings and testing its robustness. More
importantly, the alarms after a specified time are not counted as an FP if they are within the
intrusion space. Thanks to this, we can evaluate a PIDS to check whether it has detected
intrusions in the first few seconds without penalizing it for extra alarms.

These evaluation protocols further helped in understanding the two PIDSs. The
method of Nayak et al. [47] had better frame-level scores than the method based on Lohani
et al. [6], but this does not necessarily indicate that the former is a better PIDS. As we saw
in edge-level scores, the latter method was better at detecting intrusion events and sending
alarms quickly. In fact, EL(1 s) and EL(2 s) show that the latter method detected intrusions
within 1 and 2 s, with a better performance than the former method. When we compare
edge-level evaluation at 10 s with i-LIDS evaluation, we see that the former method has a
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very poor performance, while it performs similar to latter method at edge-level. This shows
that i-LIDS evaluation is not able to capture this gain in performance. This ambiguity in
scores shows that it is important to choose the right metric when evaluating a PIDS. The
task here focuses on intrusion event and alarms; therefore, we must evaluate systems with
a metric suitable for it. The edge-level evaluation should be used for this purpose with 1 or
2 s as time constraints in order to evaluate a PIDS in real-life conditions.

Although we have extensive real-life elements in the i-LIDS dataset, it has some major
drawbacks. Firstly, it contains only humans as intruders, and not other objects, such as cars,
bikes, trucks, etc. This is crucial because intrusions can also be caused by some other objects
that the user has not thought of, as explained in Section 4.1.2, because Cy, is non-finite.
Using a YOLO detector with supervised training on the VOC2012 dataset [79], the PIDS of
Nayak et al. [47] explicitly defines Cy, as the single class human. Consequently, it gives very
few false positives on the i-LIDS dataset, but there is a risk of omissions when this PIDS
will protect sites with unexpected intruders, because it has a bias on the target class. On
the contrary, the unsupervised PIDS of Lohani et al. [6] implicitly defines C, as all objects
contained in the training set without intrusions. This approach seems to be more coherent
with the definition of the PID task. The second crucial limitation is that we have only
two views with very similar settings. This makes it easy for the algorithms (particularly
supervised-learning-based) to learn the scene. A multi-view dataset would have added
an additional difficulty in the PID task, allowing us to assess cross-view transfer learning.
Therefore, we have a strong requirement of a new challenging dataset in this community,
with multiple classes for intruders and several views.

In video surveillance, PID can be performed at different levels depending on the client
requirements: on the edge device, on a server situated at the surveyed site or on the cloud. A
PID running on the edge requires a computing device powered by a CPU or a GPU [47,59].
Most clients prefer the classical server-based analysis [4,6,22,24,25,41,48]. While these two
solutions keep videos locally, the cloud analysis is not a widespread solution for the PID
task because it requires a stable and secure network connection to stream videos in real-
time, and it is not easy to ensure data privacy [2]. In our experiments, the methods have
been tested on a single-camera dataset at the server. They can be deployed on the edge
given appropriate devices, and they can also be scaled with more cameras given necessary
computing resources and multi-camera datasets.

8. Conclusions

In this paper, we explored the task of perimeter intrusion detection in video surveil-
lance. We first explained the typical PIDS pipeline and provided a review of major PIDS
methods. We found that there are very few PIDSs that perform a full intrusion detection.
We then provided a clear mathematical definition of an intrusion in an outdoor perimeter.
In relation to the definition of intrusion, we revisited various existing evaluation protocols.
We found that no existing evaluation protocol is suitable for the task and, therefore, we pro-
posed a novel edge-level evaluation protocol. This protocol takes into account the real-life
PIDS constraints, such as detecting intrusion in the first few seconds of its occurrence.

We also reviewed the existing PIDS datasets. We found that only the i-LIDS dataset is
currently available for this task. This dataset was found to be challenging as it has different
weather conditions, animals and intruder-approaching scenarios. It does have some major
drawbacks, such as only person as the intrusion and just two camera views. Indeed, this
community requires new datasets to develop and test intrusion detection systems.

Finally, we used two recent PIDSs to assess proposed definitions and evaluation
protocols. We found that the frame-level evaluation does not give many details about
the intrusion detection. The frames were poorly classified by both methods, giving us
no finer details on which intrusion events were correctly detected. The i-LIDS evaluation
protocol focused on evaluating intrusions at an event-level and thus helped in the better
understanding of detections. However, it had a major drawback of penalizing system
alarms as false detections, which made it difficult to compare the PIDSs. Finally, the edge-
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level evaluation overcame this drawback. It focused on evaluating the start of the intrusion
event, which is completely coherent with the proposed intrusion definition and real-life
constraints. As a result, the edge-level evaluation helped in the better understanding and
comparison of the two PIDSs.

In the future work, we would like to further strengthen the unsupervised learning
work for the PIDS. We hope that this work will result in motivating the community to
propose methods with open-source codes and open-access challenging intrusion datasets
in order to move reproducible research forward.
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Appendix A. Results for Intrusions at Different Distances from Camera for View 2

Figures A1-A3 present the results of the two methods at close, middle and far distances
from the camera on the i-LIDS test dataset for view 2. These results are auto-explanatory as
they follow a similar trend to the view 1 results (See Section 6.2.2).
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Figure A1. The results of two methods: [47] (in blue) and [6] with z-score (in orange), tested on view 2
of i-LIDS test set with intruder at close distance from camera. The abscissa represents three evaluation
protocols: frame-level (FL) (on left subfigure), i-LIDS and edge-level (EL) (on right subfigure). i-LIDS
is evaluated by default for 10 s whereas, for EL, we show results for 1, 2 and 10 s. The ordinate
represents values of three metrics: precision, recall and F; score.
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Figure A2. The results of two methods: [47] (in blue) and [6] with z-score (in orange), tested on view 2
of i-LIDS test set with intruder at mid distance from camera. The abscissa represents three evaluation
protocols: frame-level (FL) (on left subfigure), i-LIDS and edge-level (EL) (on right subfigure). i-LIDS
is evaluated by default for 10 s whereas, for EL, we show results for 1, 2 and 10 s. The ordinate
represents values of three metrics: precision, recall and F; score.
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Figure A3. The results of two methods: [47] (in blue) and [6] with z-score (in orange), tested on view
2 of i-LIDS test set with intruder at far distance from camera. The abscissa represents three evaluation
protocols: frame-level (FL) (on left subfigure), i-LIDS and edge-level (EL) (on right subfigure). i-LIDS
is evaluated by default for 10 s whereas, for EL, we show results for 1, 2 and 10 s. The ordinate
represents values of three metrics: precision, recall and F; score.

Appendix B. Results in Tabular Form

Tables A1l and A2 show the results of the two methods on view 1 and view 2 of
the i-LIDS test dataset through different evaluation protocols. These results are a tabular
representation of Figure 9 and Figure 14, respectively. The columns FL, i-LIDS, EL (1 s) and
so on represent different evaluation protocols, whereas P, R and F; denote precision, recall
and F; scores.

Table Al. Results as percentage on view 1 of i-LIDS test set.

FL i-LIDS EL (1) EL (2s) EL (10 s)

Method

P

R /, P R /B P R F P R F P R K}

Nayak2019

99

46 63 26 92 41 62 52 57 70 74 72 74 93 83

Lohani2021+zscore

64

27 38 80 8 8 90 73 80 92 8 90 92 91 92
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Table A2. Results as percentage on view 2 of i-LIDS test set.

FL i-LIDS EL (1s) EL (2's) EL (10 5)
Method P R /, P R F P R F P R F P R F
Nayak2019 99 49 66 28 94 43 99 47 64 99 69 82 99 94 96

Lohani2021+zscore 59 26 37 68 8 76 8 58 69 8 76 81 89 90 &9

References

1. Ibrahim, S.W. A comprehensive review on intelligent surveillance systems. Commun. Sci. Technol. 2016, 1, 7-14.

2. Tsakanikas, V.; Dagiuklas, T. Video surveillance systems-current status and future trends. Comput. Electr. Eng. 2018, 70, 736-753.
[CrossRef]

3. Valera, M.; Velastin, S.A. Intelligent distributed surveillance systems: A review. IEE Proc. Vis. Image Signal Process. 2005,
152,192-204. [CrossRef]

4. Vijverberg, J.A.; Janssen, R.T.; de Zwart, R.; de With, PH. Perimeter-intrusion event classification for on-line detection using
multiple instance learning solving temporal ambiguities. In Proceedings of the ICIP, Paris, France, 27-30 October 2014;
pp. 2408-2412.

5. Zhang, Y.L.; Zhang, Z.Q.; Xiao, G.; Wang, R.D.; He, X. Perimeter intrusion detection based on intelligent video analysis. In
Proceedings of the ICCAS, Busan, Korea, 13-16 October 2015; pp. 1199-1204.

6. Lohani, D.; Crispim-Junior, C.; Barthélemy, Q.; Bertrand, S.; Robinault, L.; Tougne, L. Spatio-Temporal Convolutional Autoen-
coders for Perimeter Intrusion Detection. In Proceedings of the RRPR, Milan, Italy, 11 January 2021; pp. 47-65.

7. Matern, D.; Condurache, A.P,; Mertins, A. Automated Intrusion Detection for Video Surveillance Using Conditional Random
Fields. In Proceedings of the MVA, Kyoto, Japan, 20-23 May 2013; pp. 298-301.

8.  Villamizar, M.; Martinez-Gonzélez, A.; Canévet, O.; Odobez, ]. M. WatchNet: Efficient and depth-based network for people
detection in video surveillance systems. In Proceedings of the AVSS, Auckland, New Zealand, 27-30 November 2018; pp. 1-6.

9. Chandola, V.; Banerjee, A.; Kumar, V. Anomaly detection: A survey. ACM Comput. Surv. 2009, 41, 1-58. [CrossRef]

10. Feng, J.C.; Hong, ET.; Zheng, W.S. MIST: Multiple instance self-training framework for video anomaly detection. In Proceedings
of the CVPR, Nashville, TN, USA, 20-25 June 2021; pp. 14009-14018.

11. Li, S,; Liu, F; Jiao, L. Self-training multi-sequence learning with Transformer for weakly supervised video anomaly detection. In
Proceedings of the AAAI, Virtual, 24 February 2022.

12.  Sultani, W.; Chen, C.; Shah, M. Real-world anomaly detection in surveillance videos. In Proceedings of the CVPR, Salt Lake City,
UT, USA, 18-23 June 2018; pp. 6479-6488.

13. Luna, E; San Miguel, ].C.; Ortego, D.; Martinez, ] M. Abandoned object detection in video-surveillance: Survey and comparison.
Sensors 2018, 18, 4290. [CrossRef]

14. Ramachandra, B.; Jones, M. Street Scene: A new dataset and evaluation protocol for video anomaly detection. In Proceedings of
the WACYV, Snowmass, CO, USA, 1-5 March 2020; pp. 2569-2578.

15. Xie, X.; Wang, C.; Chen, S.; Shi, G.; Zhao, Z. Real-time illegal parking detection system based on deep learning. In Proceedings of
the ICDLT, Chengdu, China, 2—4 June 2017; pp. 23-27.

16. Saligrama, V.; Konrad, J.; Jodoin, PM. Video anomaly identification. IEEE Signal Process Mag. 2010, 27, 18-33. [CrossRef]

17. Sodemann, A.A.; Ross, M.P.; Borghetti, B.]. A review of anomaly detection in automated surveillance. IEEE Trans. Syst. Man
Cybernet. Part C (Appl. Rev.) 2012, 42, 1257-1272. [CrossRef]

18. Nayak, R.; Pati, U.C.; Das, S.K. A comprehensive review on deep learning-based methods for video anomaly detection. Image
Vision Comput. 2021, 106, 104078. [CrossRef]

19. Hu, W,; Tan, T.; Wang, L.; Maybank, S. A survey on visual surveillance of object motion and behaviors. IEEE Trans. Syst. Man
Cybernet. Part C (Appl. Rev.) 2004, 34, 334-352. [CrossRef]

20. Zou, Z.;Shi, Z.; Guo, Y.; Ye, J. Object Detection in 20 years: A survey. arXiv 2019, arXiv:1905.05055.

21. Athanesious, ].J.; Suresh, P. Systematic survey on object tracking methods in video. Int. |. Adv. Res. Comput. Eng. Technol.
(IJARCET) 2012, 1, 242-247.

22. Kim, S.H,; Lim, S.C. Intelligent intrusion detection system featuring a virtual fence, active intruder detection, classification,
tracking, and action recognition. Ann. Nucl. Energy 2018, 112, 845-855. [CrossRef]

23. Aravamuthan, G.; Rajasekhar, P.; Verma, R.; Shrikhande, S.; Kar, S.; Babu, S. Physical Intrusion Detection System Using Stereo
Video Analytics. In Proceedings of the CVIP, Jabalpur, India, 29 September—1 October 2020; pp. 173-182.

24. Cermeiio, E.; Pérez, A,; Sigiienza, ].A. Intelligent video surveillance beyond robust background modeling. Expert Syst. Appl.
2018, 91, 138-149. [CrossRef]

25. Buch, N.; Velastin, S.A. Local feature saliency classifier for real-time intrusion monitoring. Opt. Eng. 2014, 53, 073108. [CrossRef]

26. i-LIDS Team. Imagery library for intelligent detection systems (i-LIDS); A Standard for Testing Video Based Detection Systems.

In Proceedings of the IET Conference on Crime and Security, Lexington, KY, USA, 16-19 October 2006; pp. 445-448.


http://doi.org/10.1016/j.compeleceng.2017.11.011
http://dx.doi.org/10.1049/ip-vis:20041147
http://dx.doi.org/10.1145/1541880.1541882
http://dx.doi.org/10.3390/s18124290
http://dx.doi.org/10.1109/MSP.2010.937393
http://dx.doi.org/10.1109/TSMCC.2012.2215319
http://dx.doi.org/10.1016/j.imavis.2020.104078
http://dx.doi.org/10.1109/TSMCC.2004.829274
http://dx.doi.org/10.1016/j.anucene.2017.11.026
http://dx.doi.org/10.1016/j.eswa.2017.08.052
http://dx.doi.org/10.1117/1.OE.53.7.073108

Sensors 2022, 22, 3601 27 of 28

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

49.

50.
51.
52.
53.
54.
55.

56.

Van De Sande, K.; Gevers, T.; Snoek, C. Evaluating color descriptors for object and scene recognition. IEEE Trans. Pattern Anal.
Mach. Intell. 2009, 32, 1582-1596. [CrossRef]

Liang, K.; Hon, H.; Khairunnisa, M.; Choong, T.; Khairil, H. Real time intrusion detection system for outdoor environment. In
Proceedings of the ISCAIE, Kota Kinabalu, Malaysia, 3-4 December 2012; pp. 147-152.

Kim, J.S.; Yeom, D.H.; Joo, Y.H. Fast and robust algorithm of tracking multiple moving objects for intelligent video surveillance
systems. IEEE Trans. Consum. Electron. 2011, 57, 1165-1170. [CrossRef]

Gade, R.; Moeslund, T.B. Thermal cameras and applications: A survey. Mach. Vis. Appl. 2014, 25, 245-262. [CrossRef]
Haritaoglu, I.; Harwood, D.; Davis, L.S. W4: Real-time surveillance of people and their activities. IEEE Trans. Pattern Anal. Mach.
Intell. 2000, 22, 809-830. [CrossRef]

Hu, X,; Li, T.; Wu, Z.; Gao, X.; Wang, Z. Research and application of intelligent intrusion detection system with accuracy analysis
methodology. Infrared Phys. Technol. 2018, 88, 245-253. [CrossRef]

Xu, Y,; Dong, J.; Zhang, B.; Xu, D. Background modeling methods in video analysis: A review and comparative evaluation. CAAI
Trans. Intell. Technol. 2016, 1, 43-60. [CrossRef]

Kim, S.Y.; Kim, M.; Ho, Y.S. Depth image filter for mixed and noisy pixel removal in RGB-D camera systems. IEEE Trans. Consum.
Electron. 2013, 59, 681-689. [CrossRef]

Shao, L.; Han, J.; Kohli, P.; Zhang, Z. Computer Vision and Machine Learning with RGB-D Sensors; Springer: Cham, Switzerland,
2014.

Lichtsteiner, P.; Posch, C.; Delbruck, T. A 128 x128 120 dB 15 us latency asynchronous temporal contrast vision sensor. IEEE J.
Solid-State Circuits 2008, 43, 566-576. [CrossRef]

Gallego, G.; Delbriick, T.; Orchard, G.; Bartolozzi, C.; Taba, B.; Censi, A.; Leutenegger, S.; Davison, A.J.; Conradt, J.; Daniilidis, K,;
et al. Event-based vision: A survey. IEEE Trans. Pattern Anal. Mach. Intell. 2020, 44, 154-180. [CrossRef]

Cai, Q.; Aggarwal, ] K. Tracking human motion in structured environments using a distributed-camera system. IEEE Trans.
Pattern Anal. Mach. Intell. 1999, 21, 1241-1247. [CrossRef]

Wang, X.; Wang, S.; Bi, D. Distributed visual-target-surveillance system in wireless sensor networks. IEEE Trans. Syst. Man
Cybernet. Part B (Cybernet.) 2009, 39, 1134-1146. [CrossRef]

Bouwmans, T. Recent advanced statistical background modeling for foreground detection-a systematic survey. Recent Patents
Comput. Sci. 2011, 4, 147-176.

Buch, N.; Velastin, S. Human intrusion detection using texture classification in real-time. In Proceedings of the First International
Workshop on Tracking Humans for the Evaluation of Their Motion in Image Sequences THEMIS, Leeds, UK, 1-4 September 2008;
pp- 1-6.

Brutzer, S.; Hoferlin, B.; Heidemann, G. Evaluation of background subtraction techniques for video surveillance. In Proceedings
of the CVPR, Colorado Springs, CO, USA, 20-25 June 2011; pp. 1937-1944.

Robinault, L. Détection et Suivi d’Objets Mobiles par Caméras Fixes. Habilitation a Diriger des Recherches, Université
Lumiere Lyon 2, 2021. Available online: https:/ /hal.univ-lyon2.fr/tel-03274532 /file/HDR_Lionel_Robinault.pdf (accessed on
3 May 2022).

Crowley, J.L.; Reignier, P.; Pesnel, S. CAVIAR Context Aware Vision Using Image-Based Active Recognition; Technical Report;
University of Edinburgh: Edinburgh, UK, 2005. Available online: https://homepages.inf.ed.ac.uk/rbf/CAVIAR/ (accessed on
3 May 2022).

Thirde, D.; Li, L.; Ferryman, F. Overview of the PETS2006 challenge. In Proceedings of the IEEE International Workshop on PETS,
New York, NY, USA, 18 June 2006; pp. 47-50.

AVSS Dataset 2007. Available online: http://www.elec.qmul.ac.uk/staffinfo/andrea/avss2007_d.html (accessed on 3 May 2022)
Nayak, R.; Behera, M.M.; Pati, U.C.; Das, S.K. Video-based Real-time Intrusion Detection System using Deep-Learning for Smart
City Applications. In Proceedings of the ANTS, Goa, India, 16-19 December 2019; pp. 1-6.

Vijverberg, J.A.; Koeleman, C.J.; de With, PH. Towards real-time and low-latency video object tracking by linking tracklets of
incomplete detections. In Proceedings of the AVSS, Krakow, Poland, 27-30 August 2013; pp. 300-305.

Vijverberg, ].A.; Loomans, M.].; Koeleman, C.J]. Two novel motion-based algorithms for surveillance video analysis on embedded
platforms. In Proceedings of the SPIE 7724, Real-Time Image and Video Processing, Brussels, Belgium, 16 April 2010; Volume 7724,
p- 772401.

Agaian, S.S.; Silver, B.; Panetta, K.A. Transform coefficient histogram-based image enhancement algorithms using contrast
entropy. IEEE Trans. Image Process. 2007, 16, 741-758. [CrossRef] [PubMed]

Rao, Y; Chen, L. A survey of video enhancement techniques. |. Inf. Hiding Multimed. Signal Process. 2012, 3, 71-99.

Bennett, E.P.; McMillan, L. Video enhancement using per-pixel virtual exposures. ACM Trans. Graph. 2005, 24, 845-852. [CrossRef]
Mittal, G.; Locharam, S.; Sasi, S.; Shaffer, G.R.; Kumar, A.K. An efficient video enhancement method using LA*B* analysis. In
Proceedings of the AVSS, Sydney, NSW, Australia, 22-24 November 2006; pp. 66—66.

Rao, Y,; Chen, Z.; Sun, M.T,; Hsu, Y.E; Zhang, Z. An effective night video enhancement algorithm. In Proceedings of the VCIP,
Tainan, Taiwan, 6-9 November 2011; pp. 1-4.

Ali, WS.I. Real time video sharpness enhancement by wavelet-based luminance transient improvement. In Proceedings of the
ISSPA, Sharjah, United Arab Emirates, 12-15 February 2007; pp. 1-4.

Beauchemin, S.S.; Barron, J.L. The computation of optical flow. ACM Comput. Surv. 1995, 27, 433-466. [CrossRef]


http://dx.doi.org/10.1109/TPAMI.2009.154
http://dx.doi.org/10.1109/TCE.2011.6018870
http://dx.doi.org/10.1007/s00138-013-0570-5
http://dx.doi.org/10.1109/34.868683
http://dx.doi.org/10.1016/j.infrared.2017.11.032
http://dx.doi.org/10.1016/j.trit.2016.03.005
http://dx.doi.org/10.1109/TCE.2013.6626256
http://dx.doi.org/10.1109/JSSC.2007.914337
http://dx.doi.org/10.1109/TPAMI.2020.3008413
http://dx.doi.org/10.1109/34.809119
http://dx.doi.org/10.1109/TSMCB.2009.2013196
https://hal.univ-lyon2.fr/tel-03274532/file/HDR_Lionel_Robinault.pdf
https://homepages.inf.ed.ac.uk/rbf/CAVIAR/
http://www.elec.qmul.ac.uk/staffinfo/andrea/avss2007_d.html
http://dx.doi.org/10.1109/TIP.2006.888338
http://www.ncbi.nlm.nih.gov/pubmed/17357734
http://dx.doi.org/10.1145/1073204.1073272
http://dx.doi.org/10.1145/212094.212141

Sensors 2022, 22, 3601 28 of 28

57.
58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Stiller, C.; Konrad, J. Estimating motion in image sequences. IEEE Signal Process Mag. 1999, 16, 70-91. [CrossRef]

Sehairi, K.; Chouireb, F; Meunier, J]. Comparative study of motion detection methods for video surveillance systems. J. Electron.
Imaging 2017, 26, 023025. [CrossRef]

Dimitriou, N.; Kioumourtzis, G.; Sideris, A.; Stavropoulos, G.; Taka, E.; Zotos, N.; Leventakis, G.; Tzovaras, D. An integrated
framework for the timely detection of petty crimes. In Proceedings of the EISIC, Athens, Greece, 11-13 September 2017; pp. 24-31.
Wren, C.R.; Azarbayejani, A.; Darrell, T.; Pentland, A.P. Pfinder: Real-time tracking of the human body. IEEE Trans. Pattern Anal.
Mach. Intell. 1997, 19, 780-785. [CrossRef]

Stauffer, C.; Grimson, W.E.L. Adaptive background mixture models for real-time tracking. In Proceedings of the CVPR, Fort
Collins, CO, USA, 23-25 June 1999; Volume 2, pp. 246-252.

Elgammal, A.; Harwood, D.; Davis, L. Non-parametric model for background subtraction. In Proceedings of the ECCV, Dublin,
Ireland, 26 June 2000; pp. 751-767.

Barnich, O.; Van Droogenbroeck, M. ViBe: A powerful random technique to estimate the background in video sequences. In
Proceedings of the ICASSP, Taipei, Taiwan, 19-24 April 2009; pp. 945-948.

Viola, P.; Jones, M. Rapid object detection using a boosted cascade of simple features. In Proceedings of the CVPR, Kauai, HI,
USA, 8-14 December 2001; Volume 1, p. L.

Dalal, N.; Triggs, B. Histograms of oriented gradients for human detection. In Proceedings of the CVPR, San Diego, CA, USA,
20-25 June 2005; Volume 1, pp. 886-893.

Felzenszwalb, P.; McAllester, D.; Ramanan, D. A discriminatively trained, multiscale, deformable part model. In Proceedings of
the CVPR, Anchorage, AK, USA, 23-28 June 2008; pp. 1-8.

Ren, S.; He, K; Girshick, R.; Sun, J. Faster R-CNN: Towards real-time object detection with region proposal networks. In
Proceedings of the NIPS, Montreal, QC, Canada, 7-12 December 2015; pp. 91-99.

Redmon, J.; Farhadi, A. YOLO9000: Better, faster, stronger. In Proceedings of the CVPR, Honolulu, HI, USA, 21-26 July 2017;
pp. 7263-7271.

Patino, L.; Boyle, J.; Ferryman, J.; Auer, J.; Pegoraro, J.; Pflugfelder, R.; Cokbas, M.; Konrad, J.; Ishwar, P; Slavic, G.; et al.
PETS2021: Through-foliage detection and tracking challenge and evaluation. In Proceedings of the AVSS, Washington, DC, USA,
16-19 November 2021; pp. 1-10.

Wang, X.; Wang, Z.; Liu, W.; Xu, X,; Chen, J.; Lin, C.W. Consistency-constancy bi-knowledge learning for pedestrian detection in
night surveillance. In Proceedings of the ACM International Conference Multimed, Virtual Event, China, 20-24 October 2021;
pp. 4463-4471.

Bewley, A.; Ge, Z.; Ott, L.; Ramos, E,; Upcroft, B. Simple online and realtime tracking. In Proceedings of the ICIP, Phoenix, AZ,
USA, 25-28 September 2016; pp. 3464-3468.

Tran, D.; Bourdev, L.; Fergus, R.; Torresani, L.; Paluri, M. Learning spatiotemporal features with 3D convolutional networks. In
Proceedings of the ICCV, Santiago, Chile, 7-13 December 2015; pp. 4489—4497.

Jiao, L.; Zhang, R.; Liu, E; Yang, S.; Hou, B.; Li, L.; Tang, X. New Generation Deep Learning for Video Object Detection: A Survey.
IEEE Trans. Neural Netw. Learn. Syst. 2021, 1-21. [CrossRef]

AXIS Communications. AXIS Perimeter Defender—User Manual M14.3. 2020. Available online: https://www.axis.com/dam/
public/4b/31/a5/axis-perimeter-defender-and-axis-perimeter-defender-ptz-autotracking--user-manual-en-US-337337.pdf
(accessed on 3 May 2022).

FOXSTREAM Smart Video Analytics. FoxVigi 3.71.0 Software User Guide; 2021.

Sokolova, M.; Japkowicz, N.; Szpakowicz, S. Beyond accuracy, F-score and ROC: A family of discriminant measures for
performance evaluation. In Proceedings of the AJCAI, Hobart, Australia, 4-8 December 2006; pp. 1015-1021.

Saito, T.; Rehmsmeier, M. The Precision-Recall Plot Is More Informative than the ROC Plot When Evaluating Binary Classifiers on
Imbalanced Datasets. PLoS ONE 2015, 10, e0118432. [CrossRef] [PubMed]

Barthélemy, Q.; Mayaud, L.; Ojeda, D.; Congedo, M. The Riemannian potato field: A tool for online signal quality index of EEG.
IEEE Trans. Neural Syst. Rehabil. Eng. 2019, 27, 244-255. [CrossRef]

Everingham, M.; Van Gool, L.; Williams, C.K.I.; Winn, J.; Zisserman, A. Visual Object Classes Challenge 2012 (VOC2012).
Available online: http:/ /host.robots.ox.ac.uk:8080/pascal / VOC /voc2012/index.html (accessed on 3 May 2022).


http://dx.doi.org/10.1109/79.774934
http://dx.doi.org/10.1117/1.JEI.26.2.023025
http://dx.doi.org/10.1109/34.598236
http://dx.doi.org/10.1109/TNNLS.2021.3053249
https://www.axis.com/dam/public/4b/31/a5/axis-perimeter-defender-and-axis-perimeter-defender-ptz-autotracking--user-manual-en-US-337337.pdf
https://www.axis.com/dam/public/4b/31/a5/axis-perimeter-defender-and-axis-perimeter-defender-ptz-autotracking--user-manual-en-US-337337.pdf
http://dx.doi.org/10.1371/journal.pone.0118432
http://www.ncbi.nlm.nih.gov/pubmed/25738806
http://dx.doi.org/10.1109/TNSRE.2019.2893113
http://host.robots.ox.ac.uk:8080/pascal/VOC/voc2012/index.html

	Introduction
	Review of PID Data
	Data Acquisition
	Visual Camera
	Infrared Camera
	Thermal Camera
	Other Types of Acquisitions

	Open Challenges
	Datasets

	PID Methods
	Pre-Processing
	Detection
	Motion Detection
	Object Detection

	Tracking
	Joint Detection and Tracking
	Post-Processing
	Alarm
	System Deployment
	Model Training
	System Initialization
	System Execution


	Definition of PID Task for Video Surveillance
	Intrusion in the Video
	Object in the Video
	Intrusion Event and Intrusion Interval

	PIDS

	Evaluation Protocols
	Frame-Level Evaluation
	i-LIDS Evaluation
	Edge-Level Evaluation
	Metrics
	Precision and Recall
	F Score
	Other Metrics


	Comparison of Evaluation Protocols for PIDS
	Experimental Setup
	Data
	Methods
	Evaluation Protocols

	Results
	Overall Results for View 1
	Results for Intrusions at Different Distances from Camera for View 1

	Overall Results for View 2

	Discussion
	Conclusions
	Appendix A
	Appendix B
	References

