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Description

[0001] The invention relates to the detection of smoke and flame using image processing technology.

[0002] Itis common to install CCTV type cameras in or around buildings, transport facilities such as traffic tunnels, or
industrial plants to allow centralised surveillance monitoring. These cameras can be used to detect fires and generate
fire alarm information. Advantageously, such cameras can be integrated into an automatic fire detection system, which
can operate entirely without human intervention thereby reducing the potential for missed alarms.

[0003] The use of vision systems to detect smoke or flame is known. One example of a camera-based smoke detection
system is disclosed in WO00/23959 (VSD Limited).

[0004] The closest prior art known to the applicant is JP10269471 which discloses a flame detection system with at
least one photographing means or a CCD camera; a process arranged to analyse successive frames captured by the
camera; comparing individual pixels; analysing successive frames; assessing brightness to detect a bright field; and
after a bright field-has been isolated, brightness (again) is assessed in the boundary region of a bright field to detect
smoke by determining whether the boundary likeness is below a pre-determined value.

[0005] The objective problem solved by the present invention is how to accelerate the triggering of a signal of "smoke
present" and "flame present" whilst at least maintaining or improving the accuracy with which flames which generate
smoke are detected.

[0006] In a first broad independent aspect, the invention provides a combined smoke and flame detection system
comprising at least one video camera, a video frame comparator and a processor, wherein said processor is arranged
to analyse successive frames captured by the or each said camera by comparing individual pixels thereof according to
at least two pre-defined relationships so as to be capable of detecting smoke and flame and generating an output signal
indicating the presence of smoke, flame or smoke and flame; characterised in that the process includes means for
filtering the digitised images produced by the system using a first pre-defined algorithm such that only changes in pixel
characteristics occurring within a pre-determined frequency band are used to produce a "flame present" decision; and
simultaneously using a second pre-defined algorithm such that pixel characteristics are assessed to produce a "smoke
present" decision independently of said "flame present" decision, and means for analysing the decisions produced by
the first and second predetermined algorithms to assess whether a fire exists.

[0007] In a second broad aspect, the invention provides the method of detecting smoke and flame, the method com-
prising the steps of receiving digitised images of a region to be monitored; comparing pixels of one of said images with
pixels of another said image according to pre-determined procedures to produce "flame present" and "smoke present"
decisions; and providing a "fire detected" signal according to said "smoke present" and "flame present" decisions;
characterised by the step of filtering the digitised images produced by the system using one pre-defined relationship
such that only changes in pixel characteristics occurring within a pre-determined frequency band are used to produce
a "flame present" decision; and simultaneously using a second pre-defined relationship such that pixel characteristics
are assessed to produce a "smoke present" decision in addition or instead of said "flame present" decision.

The system and method achieves the following unique advantages;

(1) The detection of smoke independently from flame even in for example dark tunnels;

(2) The detection of flame independently from smoke since the frequency band selected can be appropriate to a
known flame;

(3) The ability to detect the initiation of fires when primarily smoke is generated - there is no need for the identification
of light first then boundary assessment as ND1; the system copes with different types of initiation not only light
emitting fires as a first phase;

(4) Capacity to respond almost instantaneously to monitor defence- there is no need for assessing smoke if a
recognised flame frequency is spotted; alternatively, there is no need for assessing flame if smoke is determined; and
(5) The system responds to detected events, whether the event is an instantaneous ignition type where there may
be little or no smoke, or slow progressing fires.

[0008] In order that the invention may be well understood, some embodiments thereof which are given by way of
example only, will now be described with reference to the drawings, in which:

Figure 1 is block diagram showing a smoke and flame detection system; and
Figure 2 is a block diagram showing steps an algorithm used by the system shown in Figure 1; and
Figure 3 is a block diagram showing another algorithm for use in a flame and smoke detection system.

[0009] The smoke and flame detection system 10 comprises one or more video cameras 12 which are variously
directed at one or more locations which are to be monitored. Preferably, the cameras also serve a second function as
a part of a security or other form of surveillance system, although, it will be understood that one or more cameras could
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be dedicated solely to fire detection. In the description which follows, purely for the sake of convenience, the system will
be described as having one camera 12.

[0010] The camera is directed at a region to be monitored or view area 14 and outputs a standard 625 line analogue
video signal at 25Hz frame rate. In practice, a standard video camera from the Hitachi company has proved suitable.
Images of the view area 14 captured by the camera are fed to a frame grabber card 16 at a minimum frame rate of 5Hz
and preferably approximately 10Hz. The frame grabber card digitises the images to a resolution of 640 pixels per line
with 480 lines and feeds the digitised images to a processor 18 at the frame rate. The frame grabber card is a standard
piece of hardware and in practice, a National Instruments PCI 1411 device plugged into the PCI bus of a standard PC
has proved suitable. The grabber card may utilise Scion Image software.

[0011] It will be appreciated that the camera may be a digital camera, in which case the grabber card would not be
required to digitise the image. In this case, the grabber card would merely be required to grab digitised images from the
camera at the required rate and feed the images to the processor 18.

[0012] The processor 18 may comprise a standard IBM™ PC using a 750Hz Intel Pentium 3™ processor with 128 Mb
of RAM, although, it will readily be appreciated that this is just one example of many processors, which would be equally
suitable.

[0013] The processor 18 processes the digitised images received from the frame grabber card using separate algo-
rithms 20, 22 for smoke and flame detection. Details of the algorithms are provided below. The processor uses a multi-
threaded processing environment, such as windows, to simultaneously run the two algorithms to detect smoke or flame
areas within the digitised image.

[0014] The processor analyses the data produced by the algorithms to assess whether a fire has been detected. The
processor may use a vote based analysis to assess whether a fire has been detected. For example, the processor may
produce a fire detected signal if there is a yes flame present decision and a yes smoke present decision. This would
provide a high level fire present indication. Alternatively, if there is only a yes decision from one algorithm, the processor
may produce a lower ranked fire present indication. Yet another alternative would comprise producing a higher ranked
fire present indication where both algorithms produce a yes decision and where one of the two, for example, the flame
detection algorithm, produces a yes decision while the other produces a no decision and a lower ranked fire present
indication where only the other algorithm produces a yes decision. This latter alternative might be advantageously utilised
in an environment in which smoke emitting fires are less likely to occur and/or there is a likelihood of the occurrence of
events which might trigger an erroneous yes smoke present decision; an example of such an environment might be an
area of a petrochemical plant in which steam release may occur. It will of course be appreciated that such a vote based
analysis might be varied in many ways and that, for example, the flame present decisions and smoke present decisions
produced by the algorithms may be ranked and the fire detected vote would take account of the respective rankings in
assessing whether a fire has been detected and what, if any ranking should be given to the fire present indication.
[0015] As an alternative to a vote based system, the processor may take the data produced using the algorithms and
carry out a statistical analysis to asses whether a fire is detected and that such an analysis may produce an unranked
fire detected indication or a ranked fire present indication. Many forms of statistical analysis could be used, including
analyses referring to earlier decisions in a predetermined period, and since these will be readily apparent to those skilled
in the art, no detailed description of such analyses will be provided herein.

[0016] If the decision 26 is that there is a fire, a suitable signal is output by the processor using a standard serial
RS232 link. The signal can be used to provide an on-screen warning for the operator on a conventional PC screen 28.
The operator is then able to make a decision as to whether or not to trigger an alarm or investigate in more detail.
Alternatively, or in addition, the signal may be fed via known interface equipment, such as for example digital to analogue
interfaces, to produce an alarm signal using any form of conventional alarm equipment 30. A digital alarm signal could
additionally, or alternatively be directed to digital receiving means of the local fire service. It will be appreciated that the
processor may select the destination of the output signal according to the rank (if any) assigned to the fire detected
signal. Thus, for example, if the fire detected signal is low ranked, the processor may cause the output signal to be
directed to a display and or low level warning device to alert an operator to the possibility of a fire which the operator
should then investigate manually. In such a system, the processor may cause the output signal to be directed to a main
alarm device if a high ranked fire detected signal is produced. Whilst it is preferred that at some level the processor
would cause the output signal to be directed to an alarm device without operator intervention, it will be appreciated that
the system could be configured to act simply as an operator warning system, if this is what the user requires.

[0017] The system includes an operator interface, for example a keyboard and/or mouse 34, to permit an operator to
interact with the processing algorithms to customise the system by adjusting parameters employed by the algorithms in
order to improve detection performance and/or reduce the incidence of false alarms. The operator interface may also
permit the operator to provide commands to the system, for example to terminate an alarm which is deemed a false
alarm. The operator may for example adjust the system so that it ignores certain zones in a particular view area or assign
differing detection parameters to various portions of the view area. Alternative forms of display and input device for the
system would include a touch screen. It will also be appreciated that the system may be provided without an operator
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input device where it is considered that operator access to the algorithms is unnecessary or undesirable. In this case,
the system could be configured to receive data and commands from a suitable portable computing device to enable set
up and diagnostic work to be carried out by authorised personnel.

[0018] The system may include an event memory 40, which may be an integral part of the processor or a standalone
memory. This event memory could be used to hold images showing the view area 14 at the time a fire detection signal
is produced. Such images may be used to assist in fine tuning the system, where for example a significant number of
false alarms or operator warnings have been produced, or to provide evidence as to the time, location and/or cause of
a particular fire. It will be appreciated that the system may be configured such that an image is recorded in the event
memory 40 in response to commands from the processor and/or instructions from the operator.

[0019] The use of multi-threaded processing allows one software program and one processor to simultaneously process
the smoke and fire detection algorithms and also multiple video channels. It will be appreciated that more than one
processor may be used to improve processing speed.

[0020] The use of simultaneous smoke and flame detection improves the ability of the system to provide adequate
responses to a detected event whether the event is an instantaneous igntion type fire where there may be little or no
smoke or slow progressing fires such as the type that emit smoke. For example, if the system detects smoke without
flame in a zone where there is the possibility of a steam leak triggering an initial smoke detection signal, an alarm event
can be prevented and/or delayed pending detection of flame. Alternatively, in environments where a flame detection
may be triggered without the presence of fire, for example, where conventional sodium lighting is present, an alarm
signal may be delayed pending the detection of smoke. Thus the system provides greater flexibility and sensitivity when
compared with systems capable of detecting smoke alone or flame alone. It will be appreciated that since the system
can simultaneously monitor for the presence of smoke and flame, it can detect all types of fire, whether they be instan-
taneous ignition type fires or slow burning fires that emit smoke.

[0021] The fire detection algorithm 20 used by the processor to detect the presence of flame will now be described
with reference to Figure 2. The algorithm is coded in a mixture of LabView™ and Microsoft® Visual ++. The fire detection
algorithm comprises a series of steps labelled S1 to S7.

[0022] In step S1, the video image is entered into the algorithm in the form of a monochrome 640 x 480 image where
each image pixel has an intensity value of 8 bits resolution. The algorithm processes each pixel individually, using linear
mathematical operations.

[0023] In step S2, the monochrome 640 x 480 8 bit image is used to generate two separate averaged 640 x 480 8 bit
resolution images which filter out rapidly occurring events, one with filter set at 1.25 Hz and the other with the filter set
at 4.0Hz. The absolute difference between pixel values of these two images is then taken to obtain a movement band
640 x 480 8 bit image, which displays entities that are moving in the image within the frequency band between 1.25 and
4.0Hz. This frequency band corresponds with the range of movement frequencies exhibited by petrol flames observed
empirically.

[0024] In the first averaged image, a dimensionless time constant k1 is used to generate a 640 x 480 8 bit image that
filters out events that occur more rapidly than 4Hz.

[0025] k1 is calculated according to the relationship:

k1 = 1/(4Hz x time in seconds between successive frames)

k1 is then used to generate an image that filters out events that occur at higher frequencies than 4Hz in the following
manner:

pM1 = k1 x (live pixel image value) + (value of pM1 from previous frame)

where pM1 is a rolling average with a starting value of zero. Each pixel in the 640 x 480 live image has a corresponding
value of pM1 which can be used to make up the averaged image.

[0026] In the second averaged image, a dimensionless time constant k2, is used to generate a 640 x 480 resolution
8 bit image that filters out events that occur more rapidly than 1.25Hz.

k2 is calculated in the following relationship:

k2 = 1/(1.25Hz x time in seconds between successive frames)

k2 is then used to generate an image that filters out events that occur at higher frequencies than 1.25Hz in the following
manner:
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pM2 = k2 x (live pixel image value) + (1-k2) x (value of pM2 from previous

frame)

where pM2 is a rolling average with a stating value of zero. Each pixel in the 640 x 480 image has corresponding value
of pM2 which can be used to make up the averaged image.

[0027] Once the two 640 x 480 time filtered images with pixel values equal to pM1 and pM2 have been generated, a
so-called movement band 640 x 480 resolution image is generated by taking each of the pixels of these averaged images
and calculating the absolute difference between pM1 and pM2 by finding the magnitude of the difference between each
of the individual pixels obtained by subtracting pM1 from pM2. In this manner, a 640 x 480 image is obtained which only
displays events that occur in the frequency band between 1.25 Hz and 4.0 Hz. Each pixel of the movement band image
has an 8 bit resolution.

[0028] In step S3, once an image has been filtered using the movement band, the filtered image has a threshold
applied to create a map of significant movement in the characteristic frequency band defined by k1 and k2. The study
of the temporal dynamics of these highlighted pixels is used to decide whether or not flames are present in the video
image. The best value for this threshold based on the observation of outdoor petrol flames is equal to a value of 5% of
the dynamic range of values, in the 640 x 480 8 bit movement band image, is t1 = 13, rounded up to the nearest whole
number. In the application written in LabView™, the user of the system can set this value to an arbitrary value between
0 and 255 using the graphical user interface provided by LabView™. If a pixel value of the movement band image is
greater than the threshold value, it is entered as | into the threshold map. If a pixel value of the movement band image
is lower than the threshold value it is entered as 0 into the threshold map. The threshold map is a Boolean image of 640
x 480 pixels where non-thresholded pixels have a value of zero, and threshold pixels have a value of one.

[0029] In step S4, the 'awareness map’ is a subset of the 'threshold map’. In order to generate the awareness map,
each pixel in the threshold amp defined in step S3 has an awareness level, which is an indication of the likelihood of the
flame existing within that particular pixel. If the awareness level, increases above a user-defined threshold defined as
the integer t2 (nominal value of 40), then the threshold pixel is registered with binary value 1, into the awareness map.
[0030] The awareness map is a 640 x 480 Boolean image. An integer defined as the awareness level is generated
for each of the pixels in the awareness map. The value of the awareness level is calculated by comparing successive
frames of the awareness map for each of the pixels is equal to zero.

[0031] If a pixel in the awareness map changes from 1 to 0 or changes from 0 to 1 between successive video frames,
then 2 is added to the value of the awareness level for that pixel. If pixel in the awareness map does not change (ie
stays at O or stays at 1) between successive frames, then 1 is subtracted from the awareness level. The minimum value
of the awareness level is zero ie if the awareness level becomes negative it is immediately set to zero.

[0032] This means thatflickering movements within the frequency band defined by k1 and k2 will cause a rapid increase
in the awareness level for each individual pixel. These flickering movements have been observed to be characteristic
of flame.

[0033] In step S5, a number of parameters are calculated so that the algorithm can decide whether a flame is present
in the video images that are being processed. These parameters may be plotted in a moving graph or used to determine
a confidence of a flame detection event. The Plot0 parameter is a constant equal to an integer called the Alarm Level,
user defined with a default value of 20. A flame is registered in the system when the Plot2 parameter described below
exceeds the Alarm Level, which has a nominal value of 20. Low values of Alarm Level mean that the algorithm is fast
to react to possible flames in the digitised image, but is susceptible to false detected decisions. High values of Alarm
Level mean that the algorithm is insensitive to false flame detected decisions, but is slow to react to possible flames in
the digitised image.

[0034] The Plot1 and Plot2 parameters are calculated in the following manner by scanning horizontally across the
awareness map. As the scan is performed from left to right across each horizontal line of the awareness map the values
of adjacent pixels are compared and a value is entered into an edge counter that starts at a value of zero. If adjacent
pixels are equal to one another then nothing is added to the edge counter. If adjacent pixels are not equal to one another
then 1 is added to the edge counter. At the same time, the total number of pixels with the binary value 1 is counted and
added into a pixel counter. This operation is performed for each of the 480 lines of the image (from top to bottom) and
the values for the edge counter and the pixel counter are summed. At the end of this procedure two integers have been
calculated. These are:

Edgesum = Sum of horizontal edge transitions in awareness map

Pixelsum = Total number of pixels with binary value 1 in the awareness map

[0035] In parallel with this, the coordinates of the pixels with binary value 1 are noted. A region of interest is defined
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by noting the following quantities:

x1 = Minimum x coordinate

x2 = Maximum x coordinate

y1 = Minimum y coordinate

y2 = Maximum y coordinate

[0036] The area of the region of interest is defined as:

ROlarea = (x2 - x1) x (y2- y1)

[0037] The Plot1 parameter is calculated as follows:

Plotl = (Pixelsum — Edgesum)/ROlarea

[0038] Thisis ameasure of the sparseness of the flicker in the image, and can be used to discriminate between treelike
objects and more densely packed flame like objects. If Plot1 is less than zero then the image is sparse and if Plot1 is
greater than zero the image is dense.

[0039] The Plot2 parameter is calculated as follows:

Plot2 = Pixelsum/ROQlarea

[0040] In step S6, prior to performing the final flame decision, the 'plot’ parameters described above are smoothed
using a user defined dimensionless time constant k3 with a time constant of 8.0 seconds. K3 is calculated in the following
manner:

k3 = 8.0s/(time in seconds between successive frames)

[0041] k3 is applied between successive values of Plot1 and Plot2 obtained from successive video images using the
same filtering techniques as used by k1 and k2 described above. This reduces the noise level in the plotted parameters
and reduces the false alarm rate. The decision whether a flame is occurring within the video image has two operator
selectable modes; normal mode and tree filter mode

[0042] Normal flame decision mode is employed when no treelike objects are in the picture. In this mode, Plot1 is
ignored. Here, an alarm is triggered when the Plot2 parameter is greater than the user PlotO parameter.

[0043] In tree filter mode, it was found that the flicker movement detected by the algorithm was sparsely distributed
for a treelike object and densely distributed for a fire. A positive value of Plot1 indicates a densely packed arrangement
of flickering pixels (ie a flame) and a negative value of Plot1 indicates a sparsely packed arrangement of flickering pixels
(ie leaves on a tree moving in the wind).

[0044] The alarm for a flame with the tree filter only occurs when Plot2 is greater than the Plot0 and Plot1 is greater
than zero.

[0045] Theinventors have found thatinclusion of the tree filter increases the selectivity of the system, but also increases
the amount of time required to reach a decision on whether a flame is present in the picture.

[0046] The algorithm described above has been optimised by empirical methods and the constants determining the
function of the algorithm may be chosen to achieve optimum results within the scene environment.

[0047] Further it can be seen that systems comprising colour video images, or with differing pixel resolutions may be
processed by such an algorithm and extensions to the algorithm will be obvious to those skilled in the art.

[0048] An example of a suitable smoke detection algorithm will now be described. For the purposes of this algorithm,
the processor includes a comparator, which analyses the differences between different images and the pixels which
make up the images. For this purpose, the comparator first compares the image with previous images and by subtraction
obtains a signal representative of the difference between successive images. The system also includes an adjustable
threshold control level for sensitivity setting and a means by which changes which are representative of signal noise
can be eliminated.
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[0049] The output of the comparator is then subjected to the main processing of the signal in accordance with the
smoke detection algorithm. Essentially the processor is looking to see whether there are changes in the individual pixels
of a frame and in the differences between adjacent pixels which would have been caused by smoke particles

[0050] Now the processor involves a number of separate analyses and these involve mathematical analysis by ap-

propriate computer software in the signal process as part of the equipment.

[0051] The signal processing means has to include hardware and/or software to recognise the selected conditions of

change so that the presence of a smoke condition can be identified.

The analysis can be based on the following:

Notation and concepts

The system has two images to work with, where image is defined as an ordered set of pixels intensities.
[0052] First it is necessary to define the set of possible pixel intensity values

Z=<0,123,..M>

where M is the maximum pixel value.
[0053] Animage is defined as an ordered set of pixel values where a pixel value is defined as:

ez
Therefore an image can be denoted as follows #S

I'= (io,i1,i2,13,14,in)

Where N is the number of pixels in an image.

[0054] The system provides two images in order to evaluate the various changes. These images are
R the reference image

C the current image

[0055] Given that a change has been identified this change is used to define a sub-set of the images.

R\C R

CAQC

[0056] With these sub-sets defined, the following metrics are evaluated:
[0057] Convergence to a common mean

[0058] There is the reference image R and the currentimage C. The set of pixels which are deemed to have changed

are denoted C, and R,
[0059] Let m be the mean value of the changes in C i.e.

where

#S denotes the number of element in the ordered set S and
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Y, S denotes the sum of all elements in the ordered set S.

[0060] Once the value m has been defined the number of pixels whose intensity is approaching m with respect their
corresponding value in the reference image is evaluated. With the same images the number of pixels whose intensities
are departing from this mean value is also calculated.

“lowards = Z {sign(C_- R )=sign(C_-m)}

"away = Z {sign(C_- R )=sign(C_-m)}

where the function sign is defined as follows for scalar values, when applied to an ordered set it is

x<0:-1
sign (x) — x=0:0
x>0:1

defined to return an ordered set of values.
[0061] These two values provide a metric of "convergence to the common mean value" and passed forward to the
decision system.

Static Becomes Dynamic

[0062] For any area which is being investigated, the consistency of the changing area is evaluated over time in order
to assess if that area is dynamic in terms of its overall appearance or static. Lighting changes alter the image but the
overall appearance does not change. The correlation function is used to evaluate this similarity over time since it is
invariant to both scale and gain changes. If an object obscures the background by moving into the area of interest then
the appearance within the area of interest will change. If the correlation fluctuates sufficiently over time then the area is
deemed to be dynamic. This measure of consistency is forwarded to the decision system.

Edge content

[0063] A change in edge information is defined as a change in the value of the edge measure. The edge measure is
defined as the sum of the responses of a standard derivative filter kernel where changes have been detected by the
previous stage. A standard filter which is employed is the Sobel edge filter. This measure of edge content is forwarded
to the decision system.

Characteristics of shape
[0064] Various shape characteristics are employed including density and aspect ratio.

¢ Density is defined as the average number of occupied neighbours for all members of the change set. A "four
connectivity" scheme is adapted and consequently the average value of density lies in the range 0 to 4.

e The aspect ratio is the ratio of the height to the width of the changed region.
When the density, aspect ratio and pixel count (i.e. the number of pixels that have changed in an area) are taken
together they describe some of the shape characteristics of the changed area. These values are forwarded to the
decision system.
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System Description

[0065] The smoke detection software is written in C++, compiled using the WATCOM C++ compiler. The features of
the software described below are encapsulated in around 50 source code files and a further 50 header files, comprising
an estimated 40,000 lines of code in all.

OVERVIEW OF SMOKE DETECTION ALGORITHM

[0066] The smoke detection algorithm examines, in general terms, the following features of a digitised video stream
to determine whether smoke has been detected:

[0067] Pixels (or groups of pixels) moving towards a mean value

Edge information edge definition - this may increase or decrease as smoke emerges (depending on what it was like before)
Whether the image overall is static or dynamic

Emerging new shapes in the image - comparison of characteristic shape with indicative smoke shapes

[0068] The system works out the differences between the current image and a reference image. Important parts of
the analysis are as follows:

[0069] Whereimage pixels appear to have changed, the algorithms work out whether the image pixels are approaching
or deviating from some common mean value

Edges - sum of responses of a standard deviation filter where changes were previously detected (the Sobel edge filter)
Correlation function to determine similarity over time.

Shape: density of the "changed" region - four nearest neighbours possible; aspect ratio; total area

ZONES

[0070] Zones are rectangular regions selected from the entire image by the user when the system is installed. These
would typically be arranged to cover likely areas where smoke might be produced, and (more importantly) not cover
problem areas of the scene. Each zone is processed entirely separately, and the outputs from each zone may be
combined to generate alarms as required. Pixels in the zone may additionally be eliminated so that they are not included
in the calculations - for example, the filament of a light bulb, or a shiny metal object that glints in the sunlight. Again,
these are selected by the user when the system is commissioned. At any one time there are two primary sets of image
data for the zone - the current image and the reference image. The pixels in these images are denoted by x and x,
respectively, in the discussions below.

[0071] Within each zone, a set of n parameters are calculated. These parameters are formed into an n-dimensional
"vector" , defining a "feature" space.

Image data (planes) stored in the program

[0072] The following key image plane sets are stored by the software for each zone:

current image data

reference reference image data

change raw changed pixels

environment edge-sensitive detector values from reference image data
filter the combined "mask"

previous previous value of "filter"

eliminate mask of pixels eliminated manually

[0073] Images are acquired from the grabber card on a regular basis. After any adjustments to normalise the brightness
and contrast, the system compares the most recently acquired image (current) with the reference image. If pixels differ
by more than an adjustable threshold (camera noise may be taken into account too), then the pixel is deemed to have
changed.

[0074] The reference image is acquired periodically, when the system has detected no changes in the scene, and
when the system determines that the current scene is no longer similar enough to the reference image. This reference
image is analysed to generate an "environment mask", using the EDGE algorithm below. This essentially indicates where
there is edge detail in the zone.

[0075] A pixel-by-pixel "filter" mask, used in the calculations detailed below, is constructed by combining the changed
pixels with the environment mask. The changed pixel mask is only copied to the final filter mask at points where the
magnitude of the difference between the current and the reference pixel exceeds the edge detail pixel value. Pixels
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selected manually as being problematic are also eliminated from this mask at this stage.
Low-level image processing operations
[0076] A large set of different image processing operations are carried out on the zone image data. Some of these
operations use only the unmasked pixels, others operate on the entire set of pixels. These parameters are the raw data
fed into the final smoke detection algorithms. They are all relatively straightforward image processing primitives, but the
definitions used in the algorithm are reproduced below for completeness.

MEAN

[0077] This is the simple mean value of the N pixel values, x, in the zone.

MEAN = (x) =2 X
N

TOWARDS_COMMON_MEAN

[0078] This parameter counts the number of unmasked pixels in the image that deviate from the mean with the same
sign as they do in the reference image.

Townens = 2 [5‘6'\' (x - X‘) = si:)n ((x) —Xr)J

FROM_COMMON_MEAN

[0079] This parameter counts the number of unmasked pixels in the image that deviate from the mean with the opposite
sign from the way they do in the reference image.

Feom - Z[;bv\. ()L—,z,) = sbn((x)—x,.)]

COFGX

[0080] The mean x-co-ordinate of the unmasked pixels in the zone (this will change as areas in the zone are masked out)
COFGY

[0081] The mean y-co-ordinate of the unmasked pixels in the zone (this will change as areas in the zone are masked out)
SIZE

[0082] The total number of pixels in the zone, including the masked pixels.

COUNT

[0083] The total number of unmasked pixels in the zone (i.e. excluding the masked pixels)

10
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EDGE
[0084] The edge content algorithm looks at, for each unmasked pixel in the current image, the four adjacent pixels

(up/down/left/right). It sums the sum of the magnitude of the differences between the left and right, and between the up
and down pixels, for pixels where this exceeds a threshold value set by the user.

E'D(JE - Z [{Xur ‘-Z—Joo~l + lxw‘»r ")Cr.‘jl.b “}( Z,F > Hwneshok\)]

EDGE_REF
[0085] The calculates the EDGE function, but based on the reference image pixels, instead of the currentimage pixels
CORRELATION

[0086] This is the correlation between the reference and the current image. This is calculated as:

(N *Z XX, "213’-21-{')
Core = J( NKZ - (2.&)?.)" (N*SX,’- -(Z x.,}"-)

The correlation function is used as an overall "gate" to the detection process. If this correlation is greater than a preset
SIMILARITY, then no further processing is carried out on the zone. This corresponds to the case where the image is
essentially the same as the reference image.

CORRELATION_MASKED

[0087] The masked correlation calculates the same function as the correlation function above, considering only those
pixels that are not masked.

VARIANCE

[0088] This is the standard variance of the pixel value, x, including all the pixels, calculated as
2
2 = u Z )
VAR = (X" ) = (x) = x (2l
N

VARIANCE_REF

[0089] This is the standard variance of the reference pixel values, x,, including all the pixels, calculated as

11



6]

10

15

20

25

30

35

40

45

50

55

EP 1 256 105 B1

VAL = () (%) %“ -

SKEW, KURTOSIS and FIFTH

[0090] These parameters look at the distribution of all the pixel values in the current image. As an example, the pixel
values might have a Gaussian distribution about the mean pixel value, or the distribution might be asymmetric or otherwise
non-Gaussian. Parameters such as skew, kurtosis and fifth are well known parameters used in statistics to analyse the
non-Gaussian nature of distributions. They are calculated as follows:

6‘j (x) - ()°

) [X*‘(x):]:‘
SkEW Ty -

kuarosis = L5 [2*

FFTH = L 2 E"— = (X)JS
. ~ --—--—-6
SKEW_REF, KURTOSIS_REF and FIFTH_REF
[0091] These look at the distribution, as above, in the reference image instead of the current image.
COMPACTNESS
[0092] This function looks at the four nearest pixels to each unmasked pixel, and calculates the mean number of these

that are unmasked.
Opacity is calculated, for the unmasked pixels only, as

n X~
N Z (x)-x,

RUNNING_CORRELATION_MEAN

[0093] This is the standard deviation of the CORRELATION as defined above. This is a running mean, as it is simply
calculated from a set of total running sums.

12
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RUNNING_MEAN_MEAN
[0094] This is the mean value of the masked correlation - as a running value.
EDGE_EVIDENCE_EVIDENCE

[0095] This is based on a mask of particular edges in the image. This mask is shrunk by one or two pixels all round.
The unmasked pixels in the current and reference images are examined using the EDGE algorithm above. The routine
then calculates the mean ratio of the pixels in the EDGE'd current image and those in the EDGE’d reference image,
within the unmasked region, provided that the reference image contained a non-zero value.

PERCENTAGE_CHANGE_CHANGE

[0096] This is a measure of the percentage change in the number of masked pixels between the previous "filter" mask
and the present one. These are Boolean masks, and the percentage change is calculated simply on the basis of the
numbers of pixels that are non-zero (TRUE) in just one of the two images, normalised by the number that are non-zero
in either or both.

[0097] The filter masks are "eroded" before this calculation, using an algorithm that only allows TRUE pixels to remain
if all of its original four neighbours were also TRUE. This is a form of filtering to reduce the noise.

Rule-based Analysis

[0098] Rule-based analysis is used initially to determine whether a change in the image has occurred, and whether
this change is significant. If it is, then further analysis is carried out to see if the change is considered to be associated
with smoke, or whether it is associated with, say, a person walking across the scene.

[0099] The rule-based analysis uses a scoring system, where points are allocated for each rule which is met. If the
points total exceeds a (variable) criteria (typically 90% of the maximum score), the analysis moves to the next level.
[0100] The analysis is carried out on a region, which is a subset of the area of the zone, defined by the edges of the
unmasked pixels.

Check for no correlation

[0101] If the running correlation for this zone is very small (RUNNING_CORRELATION_MEAN<0.1), this means that
the reference image and the current image are no longer similar (e.g. because the camera moved). If the image is not
changing (PERCENTAGE_CHANGE<0.3), then itis time to update the zone’s reference image, and abandon the current
check for smoke.

Correlation less than thresholdless

[0102] If the correlation is less than the user-defined threshold, two points are scored, otherwise the check is aban-
doned.

Towards or from common mean

[0103] If the pixel values are tending towards the common mean, then this could indicate the presence of smoke (the
whole image is becoming uniform grey). The algorithm looks at the ratio of the towards to from terms, and if this exceeds
a user-adjustable ratio, three points are scored.

Edge-ness-ness

[0104] The "edge-ness" of the region is the ratio of the EDGES to the COUNT of pixels in the image. This is calculated
both for the current and the reference image. If the current image edge-ness is outside a preset band, three points are
scored. An additional three points are scored if the edge-ness deviates from the reference edge-ness by more than a
preset percentage - selectably either up or down.

Compactness

[0105] The COMPACTNESS (defined above) must lie within a preset band. If it deviates outside of this, three points
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are scored.
Edge evidence

[0106] The EDGE_EVIDENCE is decreased by the presence of smoke. If it falls below a preset threshold, three points
are scored.

Scoring against criteria

[0107] The user may determine, when setting up the system, a subset of the available tests to carry out. The maximum
score will be less, and the is take into account when determining whether the score has exceeded 90% of the maximum
value. If it has, a Bayesian analysis is then carried out.

Bayesian Analysis

[0108] Bayesian analysis provides a well founded decision criteria which takes into account the co-variance of features
and provides the ability to discriminate between different classes of event (nuisance and real alarms). An important fact
to note when defining features for use with Bayesian analysis is that they should be invariant to external influences such
as background and lighting. The algorithm can cope with some variation but in general the effects of external influences
should be kept to a minimum.

[0109] Bayesian statistics are a useful tool in making decisions with multivariate systems such as this. The parameters
(MEAN, TOWARDS_COMMON_MEAN etc) are combined together into an n-dimensional vector. These vectors are
used to "train" the system by building up a set of statistics. More specifically, the system stores data for nuisance and
real alarms as separate classes. For an n-dimensional vector v the sums s and S are calculated for N different alarm
events as follows, separately for nuisance and real alarms.

S :Z\/
§-Zw"

[0110] The Bayesian decision function takes a vector, v, from the current zone/region, and calculates a real decision
value, d, as follows:

Zlo

-

C-%"MN‘\T

A - 0.5 x(eglc)r(v )T C' o (V=)

[0111] dis calculated against the two reference classes - nuisance and real, giving d,, and d, If d, is greater than d,,,
the Bayesian analysis signals an alarm condition.

[0112] If problems are experienced with overlapping responses in d, and d,, this might be solved by increasing the
number of features and hence moving a to higher dimensional spaces (the probability of clouds overlapping by chance
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reduces as the dimensionality is increased).
Combination of Rules and Bayesian Analysis

[0113] It is crucial that the smoke detection system avoids false alarms. This is a key part of the system.

[0114] Thus animportant feature of the algorithm is to combine a rule-based analysis with a statistically based analysis,
and particularly with one based on Bayesian analysis. The rule based analysis takes place first and if certain criteria are
met then the Bayesian analysis is instigated.

[0115] Frequently, the Bayesian analysis and the rule-based analysis disagree. In this case, the confidence in the
Bayesian analysis is used to determine whether the alarm is real or nuisance. The difference between real and nuisance
is based on experience and the system builds up in accuracy over time.

[0116] If the Bayesian analysis showed an alarm, but the rule-based analysis did not, The difference between the
values of d, and d,, is used as a measure of the confidence in the alarm. If this exceeds the minimum confidence level,
then an alarm is signalled, even though the rule-based analysis did not trigger and alarm

[0117] If the rule based analysis showed an alarm, and the Bayesian treatment did not, if the difference between d,,
and d, is more than the minimum confidence level, the alarm is cancelled.

[0118] If there is no alarm, but the correlation between the current and reference images is small, and the percentage
change function is low, the reference image is updated. This effectively adjusts for changes in, for example, lighting level.
[0119] Although, the Bayesian analysisisimportantin avoiding false alarms, itis envisaged thatin certain circumstances
the smoke detection algorithm may omit a second level of analysis and instead rely on the output of the flame detection
algorithm as a means for reducing the incidence of false alarms.

[0120] A fire detection algorithm 100 is shown in Figure 3. The algorithm is specified in general terms and some steps
may utilise one or more steps either or both of the flame detection algorithm and the smoke detection algorithm 20
described above. The individual steps which comprise the algorithm 100 are indicated in Figure 3. In general terms, the
algorithm analyses moving components in the images received by the processor by examining the difference between
successive images or a current image and a reference image which depicts a no-fire event condition. The total perimeter
area, position and density of the resulting patterns can then be combined with one another to generate quantitative
estimates of certain fire attributes in order to produce a flame detected decision. To first order, it is possible to obtain
an estimate of the probability of flame occurring by adding these estimates, or parameters, together for each difference
frame.

[0121] A list of fire attributes which video images of fires possess and can be used to determine whether a fire is
occurring within an image comprises:

Fires emit light in a well defined ’blackbody’ distribution;

The shape of a fire changes as a function of time;

The shape of a fire has a complicated fractal’ structure;

Individual tongues of flame propagate with a high velocity;

Convection of heat flow causes fires to move in a general upwards direction; and
Smoke is generated by fire.

oo WN -

[0122] As indicated in Figure 3, the fire detection algorithm may use a colour camera and the algorithm includes the
step of determining whether the image to be processed is from a colour camera. If itis, a colour filter can take information
from the red, green and blue channels to see if the image includes the spectral characteristics of a blackbody radiating
between 2000K and 3000K. Since CCTV are also sensitive to near IR(z900nm), this information can also be gathered
for comparison with a suitable filter.

[0123] A time filter 48 is obtained by adding 1-P times a starting reference image to P times the Nth image where P
is a real number between 0 and 1. If P=1, there is no time filtering. If P=0.5, the time filtered image is insensitive to rapid
changes in the frame. If P=0, only the reference image is used. The starting reference image is typically a snapshot of
the view area 14 when nothing is happening. Subsequent application of this image provides a reference scene which
includes gradual changes like nightfall, butignores rapid changes like the start of a fire. In practice, values of P=10% or 5%.
[0124] The rule application function 50 applies a linear combination of statistical parameters. To first order determi-
nation, a sum of area, perimeter and number of moving particles is used.

[0125] Various aspects of the invention may include :

A flame detection algorithm that processes a sequence of video images to detect sequences of images of flames;
A system implementing the flame detection algorithm comprising a video source, a frame grabber and a processor
and means to trigger an external alarm when flame is detected;

An algorithm for filtering live or recorded video images so that changes with a well defined frequency band, char-
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acteristic of flame activity, are registered;

An algorithm that classifies changes in a sequence of images between flicker like behaviour and non-flicker like
behaviour;

An algorithm comprising filters yielding a binary image of areas of flame like behaviour in a sequence of images;
An algorithm to compute the parameters of sparseness and edge to volume ratio in such a binary image;

A further algorithm that determines on the basis of values returned by such an algorithm whether or not to sound
an alarm;

An optimal set of parameters for such algorithms; and

An algorithm which successively uses one or more of the above recited algorithms to generate parameters which
can be used to decide whether a flame is occurring in a picture and can differentiate between trees moving in the
wind and flames.

[0126] Various of the applicants have filed patent applications concerning fire detection. Those applications are:

It has been found that the smoke detection algorithm alone or in combination with the flame detection algorithm can
be used in a gas detection system. For example, by suitable modification of the alogorithm(s), steam could be
detected. Steam would initially be detected as a presence similar to smoke. However, steam will tend to evaporate
and should fail to be detected in subsequent detection sequences. Thus a relatively short duration of yes smoke
detected indications could indicate a detection of steam rather than smoke. A no flame detected indication in com-
bination with smoke detected could also be indicative of gas rather than smoke/fire detection.

The content of those applications are herein incorporated by reference and the applicant reserves the right to copy
material from one or more of those applications into this application and claim one or more features or combinations
features from those applications either alone or in combination with one or more features of this application.

Claims

A combined smoke and flame detection system (10) comprising at least one video camera, a video frame comparator
(14, 40) and a processor, wherein said processor (18, 40) is arranged to analyse successive frames captured by
the or each said camera by comparing individual pixels thereof according to at least two predefined relationships
(20, 22) so as to be capable of detecting smoke and flame and generating an output signal indicating the presence
of smoke, flame or smoke and flame; characterised in that the processor includes means for filtering the digitised
images produced by the system using a first predefined algorithm (20) such that only changes in pixel characteristics
occurring within a predetermined frequency band are used to produce a 'flame present’ decision; and simultaneously
using a second predefined algorithm (22) such that pixel characteristics are assessed to produce a "smoke present”
decision independently of said "flame present" decision, and means for analysing the decisions produced by the
first and second predetermined algorithms to assess whether a fire exists.

A method of detecting smoke and flame, the method comprising the steps of: receiving digitised images of a region
to be monitored; comparing pixels of one of said images with pixels of another said image according to two prede-
termined procedures to produce 'flame present’ and ’'smoke present’ decisions; and providing a 'fire detected’ signal
according to said 'smoke present’ and 'flame present’ decisions; characterised by the step offiltering the digitised
images produced by the system using one predefined relationship (20) such that only changes in pixel characteristics
occurring within a predetermined frequency band are used to produce a 'flame present’ decision; and simultaneously
using a second predefined relationship (22) such that pixel characteristics are assessed to produce a "smoke present”
decision in addition or instead of said "flame present" decision.

A system as claimed in claim 1, or a method as claimed in claim 2, characterised in that the filtering step comprises
filtering out changes in pixel characteristics occurring in the frequency band 1.25Hz to 4Hz.

The invention of claim 1, claim 2 or claim 3 characterised in that said one procedure includes the step of determining
the density of change in pixel characteristics and determining the presence of a flame if a density in excess of a
predetermined density value is determined.

The invention of any preceding claim characterised in that the system further comprises weighting means for

producing said signal in accordance with a weighted analysis of said 'flame present’ decision and/or said 'smoke
present’ decision.

16



10

15

20

25

30

35

40

45

50

55

EP 1 256 105 B1

Patentanspriiche

1.

Ein kombiniertes Rauch- und Flammenerkennungssystem (10), umfassend mindestens eine Videokamera, einen
Videoeinzelbild-Komparator (14, 40) und einen Prozessor, wobei der Prozessor (18, 40) so eingerichtet ist, dass
er die von der einen oder von jeder Kamera erfassten aufeinander folgenden Einzelbilder analysiert, indem er
einzelne Pixel der Einzelbilder gemaR mindestens zwei vordefinierten Beziehungen (20, 22) miteinander vergleicht,
um auf diese Weise in der Lage zu sein, Rauch und Flammen zu erkennen und ein Ausgabesignal zu erzeugen,
welches das Vorhandensein von Rauch, Flammen oder Rauch und Flammen anzeigt; dadurch gekennzeichnet,
dass der Prozessor Mittel zum Filtern der durch das System produzierten digitalisierten Bilder mithilfe eines ersten
vordefinierten Algorithmus (20) einschlielt, so dass ausschlieBlich Anderungenin den Pixelmerkmalen, die innerhalb
eines vorbestimmten Frequenzbands auftreten, dazu verwendet werden, eine "Flamme vorhanden"-Entscheidung
zu treffen; und wobei gleichzeitig ein zweiter vordefinierter Algorithmus (22) verwendet wird, so dass Pixelmerkmale
beurteilt werden, um unabhangig von der "Flamme vorhanden"-Entscheidung eine "Rauch vorhanden"-Entschei-
dung zu treffen, sowie Mittel zum Analysieren der durch den ersten und den zweiten vordefinierten Algorithmus
getroffenen Entscheidungen, um zu beurteilen, ob ein Feuer vorliegt.

Ein Verfahren zum Erkennen von Rauch und Flammen, wobei das Verfahren die folgenden Schritte umfasst: Emp-
fangen digitalisierter Bilder einer zu iberwachenden Region; Vergleichen der Pixel von einem der Bilder mit Pixeln
eines anderen Bilds entsprechend zwei vorbestimmten Prozeduren, um "Flamme vorhanden"- und "Rauch vorhan-
den"-Entscheidungen zu treffen; und Bereitstellen eines "Feuer erkannt"-Signals entsprechend den "Rauch vorhan-
den"- und "Flamme vorhanden"-Entscheidungen; gekennzeichnet durch den Schritt des Filterns der durch das
System produzierten digitalisierten Bilder mithilfe einer vordefinierten Beziehung (20), so dass ausschlieRlich An-
derungen in den Pixelmerkmalen, die innerhalb eines vorbestimmten Frequenzbands auftreten, verwendet werden,
um eine "Flamme vorhanden"-Entscheidung zu treffen; und wobei gleichzeitig eine zweite vordefinierte Beziehung
(22) verwendet wird, so dass Pixelmerkmale beurteilt werden, um zuséatzlich zur oder anstelle der "Flamme vorhan-
den"-Entscheidung eine "Rauch vorhanden"-Entscheidung zu treffen.

Ein System gemaR Anspruch 1 oder ein Verfahren gemaf Anspruch 2, dadurch gekennzeichnet, dass der Schritt
des Filterns das Ausfiltern von Anderungen in den Pixelmerkmalen einschlief3t, die im Frequenzband 1,25 Hz bis
4 Hz auftreten.

Die Erfindung gemaR Anspruch 1, Anspruch 2 oder Anspruch 3, dadurch gekennzeichnet, dass die eine Prozedur
den Schritt des Ermittelns der Dichte der Anderung von Pixeleigenschaften einschlieRt sowie das Ermitteln des
Vorhandenseins einer Flamme, wenn eine Dichte ermittelt wird, die einen vorbestimmten Dichtewert Gberschreitet.

Die Erfindung gemaR jedem der vorherigen Anspriiche, dadurch gekennzeichnet, dass das System des Weiteren
Gewichtungsmittel zum Erzeugen des Signals gemaR einer gewichteten Analyse der "Flamme vorhanden"-Ent-
scheidung und/oder der "Rauch vorhanden"-Entscheidung umfasst.

Revendications

Systéme combiné de détection de fumée et de flammes (10) comportant au moins un caméscope, un comparateur
d’'images vidéo (14, 40) et un processeur, dans le cadre duquel ledit processeur (18, 40) est agencé pour analyser
desimages successives capturées par le ou chaque dit caméscope en comparant individuellement ses pixels suivant
au moins deux relations prédéfinies (20, 22) de fagon a pouvoir détecter de la fumée et des flammes et a produire
une sortie de signal indiquant la présence de fumée, de flammes ou de fumée et de flammes ; caractérisé en cela
que le processeur comporte un moyen pour filtrer les images numérisées produites par le systeme qui utilise un
premier algorithme prédéfini (20) grace auquel seuls les changements de caractéristiques de pixel survenant a
l'intérieur une bande prédéterminée de fréquences sont utilisés pour produire une décision « présence de flammes »,
et qui utilise simultanément un second algorithme prédéfini (22) grace auquel les caractéristiques de pixels sont
évaluées pour produire une décision « présence de fumée» indépendamment de ladite décision « présence de
flammes », ainsi qu’un moyen pour analyser les décisions produites par les premier et second algorithmes prédé-
terminés afin d’évaluer si, oui ou non, on est en présence d’un incendie.

Procédé de détection de fumée et de flammes mettant en jeu les étapes suivantes : recevoir des images numérisées

d’'une zone a surveiller ; comparer les pixels d’'une desdites images aux pixels d’'une autre dite image suivant deux
procédures prédéterminées pour produire des décisions « présence de flammes » et « présence de fumée » ; et
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fournir un signal « incendie détecté » en fonction desdites décisions « présence de fumée » et « présence de
flammes » ; caractérisé par I'étape de filtrage des images numérisées produites par le systéme utilisant une relation
prédéfinie (20) grace a laquelle seuls les changements de caractéristiques de pixel survenant a I'intérieur une bande
de fréquences prédéterminée sont utilisés pour produire une décision « présence de flammes », et utilisant simul-
tanément un second algorithme prédéfini (22) grace auquel les caractéristiques de pixels sont évaluées produire
une décision « présence de fumée » en plus ou a la place de ladite décision « présence de flammes ».

Systéme tel que revendiqué dans la revendication 1, ou procédé tel que revendiqué dans la revendication 2, ca-
ractérisé en cela que I'étape de filtrage met en jeu I'élimination par filtrage des changements de caractéristiques
de pixels survenant dans la bande de fréquences de 1,25 a 4 Hz.

Invention de la revendication 1, revendication 2 ou revendication 3 caractérisée en cela qu’une procédure met en
jeu I'étape consistant a déterminer la densité de changement dans les caractéristiques de pixels et a déterminer la
présence d’'une flamme s’il est déterminé qu’une densité dépasse une valeur de densité prédéterminée.

Invention de I'une quelconque des précédentes revendications caractérisée en cela que le systéme comporte en

outre un moyen de pondération pour produire ledit signal conformément a une analyse pondérée de ladite décision
«présence de flammes » et/ou de ladite décision « présence de fumée ».
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