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Summary: Detection of different kind of objects by machine vision system is widely used and it can have many purposes. However, different scenarios, where illumination and weather conditions can vary, have great effect on detection quality. In good lighting conditions, systems with an operating range in the visible region of the spectrum, can be used for detection of the objects. In low-light conditions, these systems provide poor results, and in that purpose thermal imaging systems can be used. These systems are based on thermography technique that enables visualization of radiation in the IR region. In this paper, the state-of-the art in detection of the objects in different scenarios and applications using thermal imaging systems, such as thermal camera, is presented.
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INTRODUCTION 
Detection of the objects is very important in many applications. The level of detection, and thereby quality, is dependent on many factors. The object can exist in many scenarios, so its detection can give results that are not correct or negligible, or detection can be even impossible. Furthermore, detection can be dependent on conditions of reduced visibility caused by weather, poor illumination, etc.
The use of detection systems with an operating range in visible region of the spectrum implies operation conditions with good visibility and illumination. However, in conditions of reduced visibility (for example, night, fog, etc.), those systems are unusable because of providing bad results. In those conditions, thermal imaging system can be used, because its operating range is in the invisible infrared region of the spectrum. This system are widely used in application of monitoring, nondestructive and contactless inspection, predictive-preventive maintenance of materials, surfaces, parts, assemblies, structures and plants [1-10], measurement of heat loss of buildings and detection of heat bridges, moisture, failures, defects, thermal performance of building or/and certain systems, etc., in civil engineering and architecture [1, 2 , 3, 10, 11-15], quality control in different  processes in production and food industry, [1, 10, 16, 17], meteorology for detecting and analysis of tropical cyclone, winds, clouds, etc. [18-20], in diagnosis of cancer and pain in medicine, [1, 2, 10, 21], and many other. This paper presents the state-of-the art in detection of the objects in different scenarios and applications using thermal imaging systems.
THEORETICAL BACKGROUND OF THERMAL IMAGING SYSTEM 
In physics, visible light, ultraviolet radiation, IR radiation, etc., can be described as electromagnetic (EM) waves. Waves are periodic disturbances that keep their shape while progressing in space as a function of time. The spatial periodicity is called wavelength λ, the transient periodicity is called period of oscillation T, and its reciprocal is the frequency ν=1/T. Wavelength and period of oscillation are connected via the speed of propagation c of the wave, which depends on the specific type of wave, by next Equation [1]:



The visible light is in very small range within this spectrum with wavelengths from 380 to 780 nm. The adjacent spectral region with wavelengths from 780 up to 1mm is infrared. However, for infrared (IR) imaging, small range of the IR spectrum is useful. For thermography, three spectral ranges are defined: the long-wave (LW) region from around 7 to 14 μm, the midwave (MW) region from around 3 to 5 μm and the shortwave (SW) region from 0.9 to 1.7 μm [1].
Thermography is a technique which enables visualization of radiation in IR region. The most important process for thermography is so-called thermal radiation. Term thermal radiation implies that every object at a temperature above absolute zero (T > 0 K ; T> −273.15 ºC) emits EM radiation. Absolute zero is the temperature where the lowest quantum energy states for electrons, atoms, and molecules are occupied and no transitions between energy states are possible that would result in the emission of EM radiation. The amount of radiation emitted by an object and its distribution over the wavelength spectrum is dependent on temperature and material properties [1,2].
The main function of thermal imaging system (for example, thermal camera) is to convert infrared radiation into false color visual image so-called thermogram. This visual image should represent the two-dimensional distribution of the infrared radiation emitted by an object or a scene but, for a temperature measuring system, the visual image displays the object temperatures. There are several characteristics of thermal imaging system that govern its applications. Those three most important are [2]:

· Response to the temperature of a surface; 
· Passive imaging;
· Visibility through smoke and mist.



3. STATE OF THE ART
There are many papers that present detection of the objects using different systems. However, in majority of the literature, use of thermal imaging systems in that purpose is, dependent on type of the objects, divided in two groups:

· detection of living objects - human faces and humans;
· detection of non-living objects.

In [22], method for detection of face in thermal imaging which utilizes the head curve geometry to extract the face from the images, is presented. Based on that, a straight forward face detection algorithm is proposed using the head curve geometry. One of the conditions had to be fulfilled prior to the face detection – there should be one person facing the camera and no other external heat-emitting objects are captured by the camera. The proposed face detection system consists thermal camera Thermo Vision A-20M with image resolution 320x240 pixels and computer with installed MatLAB software. Once the face is extracted from an image, the output is sent to an appliance, such as the temperature monitoring system, tracking trespasser in the dark, and surveillance system for further analysis. The face detection algorithm operates based on the head curve geometry, in which the face is extracted after five points are located on the head boundary, followed by drawing a curve around the neck region. Results showed that presented face detection method demonstrates a high accuracy, which is 90.68% for the near images, 92.12% for the far images and 91.4% as an overall. 
Authors in [23] analyzed sensitivity of thermal infrared (IR) imagery to facial occlusions caused by eyeglasses. Problem is defined as that objects made of glass act as a temperature screen, completely hiding the parts located behind them, so this may affect to recognition performance. It is conformed through experiments that face recognition performance in the IR spectrum degrades seriously when eyeglasses are present in the probe image but not in the gallery image and vice versa. To address this serious limitation of IR, fusing IR with visible imagery is proposed. Although visible imagery can suffer from highlights on the glasses under certain illumination conditions, it is concluded that the problems are considerably less severe than with IR.
However, the problem of detecting facial components in thermal imagery (specifically eyes, nostrils and mouth) is studied in [24]. One of the goals was to enable the automatic registration of facial thermal images. The detection of eyes and nostrils is performed using Haar features and the GentleBoost algorithm, while the detection of the mouth is based on the detections of the eyes and the nostrils, and is performed using measures of entropy and self similarity. The experiment is done with a database of 10 females and 12 male subjects of varying age (24-45) and being of European origin. For each subject, several videos are recorded on different days in an indoor environment. Presented experiments are based on 78 images, 3-4 per subject. The results showed that reliable facial component detection is feasible using presented methodology, getting a correct detection rate for both eyes and nostrils of 0.8, with correct detection of the mouth in 65% of closed-mouth test images and in 73% of open-mouth test images.
On the other side, many authors were working on application thermal imaging system on human/person detection in different conditions and applications. In [25], a two-stage template-based method to detect people in thermal imagery, that combines a special background-subtraction method with an AdaBoosted template classification technique, is presented. This method first performs a fast correlation-based screening procedure to hypothesize the person locations in the image. In order to enhance the detection rate, a thermal-based background-subtraction technique is used in the screening process. Then, the candidate regions are examined by an AdaBoosted ensemble classifier using a set of filters/classifiers adaptively modeled from the training data. This method is used into a multi-resolution framework for detection of people different sizes and distances to the camera. Proposed method is tested, and after running the complete two-stage method, results showed detection of every person with no false positives. However, a lack of these methods is that groups of people are very difficult to handle with template-based detection approaches.
Problem of detecting humans in real-world thermal images is investigated in [26]. Authors showed applicability of local-feature based object detector for the case of people detection in thermal data, because the variation in person appearance is rather limited compared to visible wavelength imagery. SURF feature detector and descriptor is adopted and its performance is evaluated in the task of person detection in different real-world scenarios where people occur at multiple scales. Evaluation is performed in three thermal image sequences with a total of 2535 person occurrences. Finally, authors showed how this local-feature based detector can be used to recognize specific object parts, i.e., body parts of detected people.
In [27] new method based on the Shape Context Descriptor (SCD) with the Adaboost cascade classifier framework, for detection of humans in thermal images, is presented. The Shape Context Descriptor (SCD) is used for local edge feature extraction while boosting algorithms with a cascade framework is used for human classification. Experiments showed that shape context features with boosting classification provide a significant improvement on human detection in thermal images. However, authors also compared proposed method with rectangle features on the public dataset of thermal imagery. Results showed that shape context features are much better than the conventional rectangular features on this task.
Additional problem for detection of humans in thermal imaging is when used system is set on some vehicle. In [28] the system based on a multi-resolution localization of warm symmetrical objects with specific size and aspect ratio, where the multi-resolution approach allows detecting both close and far pedestrians, is presented. However, two issues are recognized: the desired target, i.e. the interval of pedestrian’s height and width, and the position and orientation of the IR camera, which is mounted on test vehicle, as well as vehicle oscillations due to road roughness, considering aesthetical and physical automotive requirements. Proposed algorithm is based on monocular IR vision and targets are characterized by size and aspect ratio constraints. For the pedestrians, height a 180 cm ÷ 200 cm range and width a 40 cm ÷ 80 cm is chosen. The result showed that the proposed system is able to detect one or more pedestrians even in presence of a complex background in a 7 m÷43.5 m range.
Authors in [29] described a new approach to real-time human detection through processing video captured by a thermal infrared camera mounted on the autonomous mobile platform mSecuritTM. Presented approach starts with a phase of static analysis for the detection of human candidates through some classical image processing techniques such as image normalization and thresholding. After that, the proposed approach starts a dynamic image analysis phase based in optical flow or image difference. Optical flow is used when the robot is moving, whilst image difference is the preferred method when the mobile platform is still. The results of both phases are compared to enhance the human segmentation by infrared camera, and showed that optical flow or image difference will emphasize the foreground hot spot areas obtained at the initial human detection of the candidates.
In [30] the main goal was to enable mobile robot platform or any technical system to recognize the person in indoor environment, localize it and track it with accuracy high enough to allow adequate human-machine interaction. The robot was operated in an unconstrained indoor environment. Persons taking part in the experiments were asked to walk in front of the robot while the robot was in stationary position and while it performed person following. In presented experiments, the visible range on the image was equivalent to the temperature range 17.3-38.2 °C and one of predefined six color palettes was chosen. The segmentation algorithm is based on thresholding method and the problem was boiled down to determining possible region of interests in real world scenarios, where there are obstacles in front of the person, two persons are overlapping when moving close to one another and reflection is possible to occur. For adequate segmentation algorithm also high noise that occurs in thermal image must be taken into consideration. Because of the problem of optimization algorithm, genetic algorithm (GA) is implemented. Classifier output was probability that analyzed object whose features was extracted belongs to a class named human and non-human. Results showed good detection performance and consistent tracking in the case of single persons independently from current light conditions and in situations where no skin color is visible.
Stereo system for the detection of pedestrians using far-infrared cameras is presented in [31]. The system exploits three different detection approaches: warm area detection, edge-based detection, and disparity computation. The algorithm combines this information to create a list of relevant pedestrian candidates. Distance estimation, size, aspect ratio, and a head presence are used to select pedestrians. An active contours approach is currently under testing for shape refinement. The developed system is implemented on an experimental vehicle equipped with two Raytheon 300D 7–14 l infrared cameras and preliminarily tested in urban and rural environments in different situations. Results showed that the presented system was able to detect pedestrians even if they partly overlap each other. In addition, the use of three different approaches for the detection enabled detection of pedestrians in complex scenarios or even when they are not warmer than the background. However, in situations where pedestrians are very close to each others and at the same distance from the vision system, they are often detected as a single pedestrian and head detection produces a match anyway. On the other side the pedestrian in the foreground is not detected, even if visible. Presence of objects with a similar size and shape of a pedestrian represent the most frequent cause of misdetection. Also, it is concluded that the head match filter is not sufficient for an effective validation. However, results showed that correct detection percentage is high with a very low number of false detections per frame, and the system showed good detection even when pedestrians are partly occluded.
In some applications, using of only thermal imaging system cannot give satisfactorily results, so one of the solutions is combination of thermal and visual system in detection of humans. In [32], a methodology for analyzing multimodal and multiperspective systems for person surveillance is presented. Authors designed an algorithmic framework for detecting people in a scene that can be generalized to include color, infrared, and/or disparity features. A probabilistic score for evaluating the presence of people is created using a combination of a histogram of oriented gradient (HOG) feature-based support vector machine and size/depth-based constraints. With presented framework, person detectors is trained using color stereo and infrared stereo features as well as tetravision-based detectors that combine the detector outputs from separately trained color stereo and infrared stereo-based detectors. The trifocal tensor is incorporated, and trained detectors for an experimental evaluation of video sequences captured with designed test bed are used. Experimental testbed had two color and two infrared cameras. Evaluation demonstrated the performance gains achievable when using the trifocal framework to combine color and infrared features in a unified framework. Both of the trifocal setups outperform their unimodal equivalents, as well as the tetravision-based analysis. Also, experiments showed how the trained detector generalizes well to different scenes and can provide robust input to an additional tracking framework.
Authors in [33] proposed a new method of detecting pedestrians using a dual camera system that combines visible light and thermal cameras, which are robust in various outdoor environments such as mornings, afternoons, night and rainy days. The first experiment is performed with system that consist a commercial thermal camera of ICI 7320 and small, low-cost conventional web-camera as the visible light camera. Thermal camera can capture an image of 320x240 pixels having a resolution of 14 bits with the measurement accuracy of temperature of ±1°. Described system can acquire the visible light image of 640x480 pixels and the thermal image of 320x240 pixels at the capturing speed of 30 frames per sec. The total number of images used in this experiment was 2000. These images are obtained in various environments such as mornings (22.6 °C), afternoons (26.0 °C), nights (21.1 °C), and rainy days (19.1 °C and precipitation of 48.0 mm). Images are captured where humans naturally move without any instruction. The second experiment is performed with system that consist a commercial thermal camera of FLIR Tau2 and same web-camera as in the first experiment. The thermal camera can capture an image of 640x480 pixels having a resolution of 8 bits. This system can acquire both the visible light image of 800x 600 pixels and the thermal image of 640x 480 pixels at the capturing speed of 30 frames per sec. The total number of images used in this experiment was 800. These images are obtained in various environments such as mornings of 2.9 °C (200 images), afternoons of 4.7 °C (200 images), nights of 1.2 °C (200 images), and rainy days of 2.8 °C with precipitation of 5.5 mm (200 images). Images are captured where humans naturally move without any instruction from authors. Experimental results showed that the average precision and recall of detecting pedestrians are 98.13% and 88.98%, respectively.
However, there are many application of thermal imaging system in detection of different non-living objects. In [34], a novel algorithm for detecting and tracking of the dim moving point target in IR image sequence with low SNR, is presented. Original images are pre-processed using temperature non-linear elimination and Top-hat operator, and then a composite frame is obtained by reducing the three-dimensional (3D) spatio-temporal scanning for target to 2D spatial hunting. Finally the target trajectory is tracked under the condition of constant false-alarm probability (CFAR). Experiment is done with a real 20- frame IR image sequence of 224x292 pixels. Based on the experimental results, the presented algorithm successfully detected dim moving point target and accurately estimate its trajectory.
Authors in [35] proposed target detection and tracking algorithms in infrared images, which are based on frequency domain correlation and Bayesian probabilistic techniques, respectively. A simple frequency domain technique is given, where Fourier transform for each of the blocks of the test image and move the spectrum to the center of the block is computed to obtain shift invariance for the moving targets. This technique requires location initialization for each new target of interest appearing in the frame based on ground truth (GT) data. The proposed algorithms are found to be suitable for real-time detection and tracking of static or moving targets, while accommodating for detrimental affects posed by the clutter and background noise.
The method for detection of vehicles, based on distinguishing the tire’s thermal energy reflection area on the road surface from the other areas, is presented in [36]. Two thermal camera is used in experiments - TVS-500EX and TVS-200. In previous work, authors used TVS-500EX infrared thermal camera and the notebook PC to capture thermal images from a pedestrian bridge on a mountain road at Aso in Kumamoto, Japan, and the Viola-Jones detector, in order to detect vehicles. In the experiments in June, August and October, it was detected 1,404 vehicles (96.2%) out of 1,460 vehicles under three different environmental conditions, and the number of false detection was 35 in total. However, in winter above freezing point, the vehicle detection accuracy of pattern recognition by the Viola-Jones detector decreases, so authors decided to realize new method without relying on this pattern recognition. It is confirmed that the thermal images taken with the thermal cameras offer high pixel values in the tire’s thermal energy reflection area on the road surface. When the open air temperature is low as in winter, the temperature difference between the tires and the road surface is high. Therefore, if the pixel values located both side of vehicles are automatically measured, and tire’s thermal energy reflection area is discriminated, the vehicles can be detected. The experiments are done using three series of thermal images for which the vehicle detection accuracies of our previous method are low. This method detected 1,417 vehicles (92.8%) out of 1,527 vehicles, and the number of false detection is 52 in total. Therefore, by combining presented two methods, high vehicle detection accuracies are maintained under various environmental conditions.
On the other side, in [37] authors analyzed possible dangerous situation when trains operates in dark and bad weather conditions, especially when some obstacles can be on railway track. In the test, thermal camera was mounted on the train’s roof and connected up to a display with a video capability. Train operated in various speeds. It is concluded that on the display, the driver can recognize possible objects on the railway long before the obstacle is illuminated by the train’s headlights, beside vibrations which are caused from crossings and changing of railway track.   
In [38], a method for detecting obstacles on the railway in front of a moving train using a monocular thermal camera is proposed. In order to detect obstacles, authors first localized the rails in the incoming stream of thermal images, then find possible obstacles. Since there is no information about the type of obstacles to find in advance, an anomaly detector is developed, i.e., goal is to detect objects that do not look like rails where rails are expected to be. The used camera is a FLIR SC655 with resolution of 640x480 pixels and acquires 50 frames per second. The thermal camera and a display with a graphical user interface are connected to a computer. The computer had software for acquiring thermal images, computing the scene geometry, detecting the railway, detecting and tracking possible obstacles, and giving alarms to the driver conditioned on certain criteria. The test sequence, that used to evaluate the performance of the system, consists of 386 frames. When the sequence was recorded, the train was driving at about 200 km/h on a railway which slightly bends to the right. Three simulated objects are introduced on the rail during the sequence, with adequate temperature for testing the system. The first object was square shaped; the second object was a rectangle shaped simulating a pipe lying over the rails and the third object was an upright rectangle shaped simulating a standing object, human or animal. Authors concluded that the rail detection method works satisfactory, but, as expected, can only be used at a limited range due to its assumption of constant curvature. 
CONCLUSION
Since the detection of the objects is widely used in many purposes, the major problem is reflected in different scenarios and conditions. Weather and illumination conditions have a great effect on, at first, detection, and therefore quality. In conditions of reduced visibility caused by poor illumination and bad weather, systems with an operating range in the visible region of the spectrum cannot give satisfactory results of detection. However, use of systems with an operating range in invisible region, for example IR region, in the same conditions, gave good results. 
Presented state-of-the art analyzed methods and systems for detection of the objects in different scenarios and applications using thermal imaging systems. All of them are based on different algorithms as well as a combination of several algorithms with goal to detect a certain type of object on thermal images. However, there are two groups of object: humans (and its parts), as living objects, and non-living objects. Used algorithms are based on detection of some feature of the object, for example, temperature, shape, edge, some part of the body, etc. Beside the quality of detection for different systems and methods, there were problems with detection of certain object when that object is a part of the group. On the other side, some methods were limited with size and distance of the object, as well as presence of another objects with a similar size and shape can cause misdetection. In some applications, use of only thermal imaging system cannot give satisfactory results, so authors combined thermal and visual system in detection.
However, it can be concluded that there is significant work in the field of detection objects using thermal imaging system. Considering that there were problems in accuracy and misdetection of presented methods and systems, one way to reduce that is to combine thermal imaging with other systems, in order to provide better results of detection. 
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