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(54) Determination of time difference of arrival in distributed sensor networks

(57) An object localising system comprises sensor
devices at different sites, each sensor device being ca-
pable of detecting a signal from an object, and control
means for repeatedly responding to the outputs of the
sensor devices by selecting a sub-set of the devices and
determining the amount by which the times at which the
devices of the sub-set receive the signal are delayed
with respect to each other to enable calculation of the
current location of the object. Each sensor device can
be switched between a master mode, in which the de-
vice is operable to transmit events derived from a signal
from an object, and a slave mode, in which the device
is responsive to such events from another sensor device
for processing its own signal in order to determine the
time delay between receipt of the signals by the sensors
of the respective devices.
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Description

FIELD OF THE INVENTION

[0001] This invention relates to a method and appa-
ratus for determining the relative time delays between
a plurality of signals, and is particularly but not exclu-
sively applicable to a network of distributed passive sen-
sors designed to detect and localise a non-cooperative
source of acoustic energy by detecting delays between
wideband signals.

BACKGROUND OF THE INVENTION

[0002] There are many circumstances in which there
is a need to detect, identify, localise and track one or
more non-cooperative objects of interest in some spec-
ified surveillance area. Such tasks can be performed by
suitable active or passive sensors which can extract
useful information by collaborative processing of signals
reflected or emitted by those objects.
[0003] In contrast to applications employing active
sensors, such as radar or active sonar, in which the sur-
veillance region of interest is illuminated by an interro-
gating energy waveform to obtain object-backscattered
returns, passive sensors capture only object-generated
signals (or object-influenced signals from separate
sources). For example, the movement of people,
wheeled or tracked vehicles, speedboats or vibrating
machinery can all generate wideband acoustic signals,
which can be exploited for object detection, localisation
and tracking.
[0004] As will be described in more detail below, an
example in which object detection and localisation is
useful is that of security surveillance with a network of
distributed acoustic sensors forming an 'acoustic fence'.
When an object of interest, such as vehicle, has been
detected and localised, the estimated object position
can be utilized by security cameras for aiming and
zooming in order to enhance the quality of recorded im-
ages. Such systems may be installed for monitoring pur-
poses in industrial environments, e.g. to track moving
obstacles, or to offer improved continuous surveillance
of critical infrastructure, including power grids, power
plants, gas and oil pipelines and water systems.
[0005] Another application is that of coastguard or lit-
toral surveillance in which speedboats and other surface
vessels of interest can be detected and localised by a
network of floating buoys employing acoustic sensors
and low-power radio transceivers providing an intersen-
sor communication link.
[0006] In addition to the above surveillance and re-
connaissance applications, in multimedia applications
distributed microphone networks are capable of en-
hancing audio signals for improved intelligibility, and cu-
ing for camera aiming.
[0007] When the distance between an acoustic
source and the sensors is large, the direction of wave

propagation is approximately equal at each sensor (the
far-field condition), and the propagating field within the
sensor network consists of planar waves. For a far-field
source, only the direction-of-arrival (DOA) in the coordi-
nate system of the sensors can be estimated directly
from the relative delays of signals captured by sensors
at different locations. Such relative delay is commonly
referred to as the time difference of arrival, or simply
TDOA.
[0008] The direction-of-arrival (DOA) measurement
restricts the location of the source along a line in the
estimated DOA. When multiple DOA measurements are
made simultaneously by multiple spatially-separated
sensors, a triangulation method may be used to deter-
mine a location of the source at the intersection of these
lines-of-bearing.
[0009] When an acoustic source is close to the sen-
sors (the near-field condition), the wavefront of the re-
ceived signal is perceptibly curved with respect to the
spatial extent of the sensor network. In this case, the
propagation direction vectors at each sensor emanate
from a common source location, and the set of all TDOA
measurements can be utilized for localisation of the
near-field source. Suitable algorithms utilizing TDOA
measurements to determine the location of the near-
field source are known to those skilled in the art.
[0010] Irrespective of the far/near-field source condi-
tion, the source location is always determined from
TDOA estimates which need to be obtained from wide-
band acoustic signals captured by the sensors.
[0011] In a distributed sensor network, any two sen-
sors will capture attenuated and time-shifted replicas,
x1(t) and x2(t), of the same object-generated signal s(t),
where

where A1 and A2 scale the amplitude of each signal, and
∆t denotes the TDOA; waveforms n1(t) and n2(t) repre-
sent background noise and other interference.
[0012] The value of time difference of arrival ∆t is usu-
ally determined by cross-correlating the wideband sig-
nals x1(t) and x2(t) captured by the sensors, i.e. by per-
forming the operation

where the integral is evaluated over the observation in-
terval of duration T and for a range, -|∆t max| < τ <
|∆t max|, of TDOA values of interest. The value of argu-
ment τ that maximises the cross-correlation function R12
(τ) provides an estimate of an unknown TDOA.
[0013] In practice, prior to cross-correlation, the re-
ceived signals may be suitably pre-filtered to accentuate

x1(t) = A1 s(t) + n1(t) x2(t) = A2 s(t - ∆t) + n2(t)
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frequencies for which signal-to-noise ratio (SNR) is
highest and to attenuate background noise, thus in-
creasing the resulting overall SNR. A cross-correlator
utilizing signal pre-filtering is known in the prior art as a
generalized cross-correlator.
[0014] The cross-correlation process, including pre-
filtering, can also be implemented digitally, if sufficient
sampling and quantising of the signal is used.
[0015] Fig. 1 is a block diagram of a known system
cross-correlating a signal and its time-delayed replica
to determine the value of TDOA. Each of the signals x1
(t) and x2(t) is delivered to a respective filter 102, 104.
The filtered version of signal x1(t) is passed through a
variable delay line 106 to one input of a multiplier 108,
the other input of which receives the filtered version of
signal x2(t). The output of the multiplier 108 is integrated
in a finite-time integrator 110. A peak detector 112 de-
tects a peak in the output of the integrator 110. The po-
sition of this peak represents the delay time between the
two signals x1(t) and x2(t).
[0016] Object-generated acoustic signals are classi-
fied as wideband signals since the ratio of their highest
frequency component to lowest frequency component
is relatively large. For example, for the audio range, 30
Hz to 15 kHz, the ratio is 500. In a case of wheeled and
tracked vehicles, dominant frequency components may
range from about 20 Hz to 2 kHz, resulting in a ratio of
100.
[0017] Not only do acoustic signals emitted by objects
of interest occupy a wide frequency range, but they also
will manifest a non-stationary and chaotic nature with
identifiable intermittent transients. As a result, many
known cross-correlation techniques based, explicitly or
implicitly, on the assumptions of signal stationarity and
noise Gaussianity are only of limited practical use. Fur-
thermore, most practical implementations have to deal
with discrete-time samples, so that the optimisation pro-
cedures and performance analyses carried out in the
continuous-time framework cannot be fully applicable.
[0018] It would therefore be desirable to provide a
method and an apparatus for determining time differ-
ence of arrival (TDOA) in a more efficient way than that
provided by the prior art techniques.

SUMMARY OF THE INVENTION

[0019] Aspects of the present invention are set out in
the accompanying claims.
[0020] In accordance with a further aspect of the
present invention, wideband signals emitted by an ob-
ject of interest and captured by a plurality of spatially
dispersed passive sensors are processed jointly, first to
detect an object, and then to obtain multiple measure-
ments of time difference of arrival (TDOA) with respect
to a selected sensor. Next, the multiple measurements
of TDOA are utilized for object localisation, for example
by applying one of several algorithms known to those
skilled in the art. A control means is responsive to the

signals generated by the sensors for repeatedly select-
ing different sub-sets of the sensors in accordance with
which of them are receiving relatively strong signals, the
object location being determined from the signals pro-
vided by the selected sensor sub-set.
[0021] According to a still further aspect of the inven-
tion, multiple sensor units or devices (at least two and
preferably more) each incorporating a sensing means
(such as an acoustic transducer) are disposed at differ-
ent physical locations and are used to detect and locate
an object, one of the devices being operable to send
signals to one or more other devices to enable them to
calculate delays between the time at which said one
sensor device has received a signal from an object and
the times at which the other sensor devices receive the
signal.
[0022] In the preferred embodiment, each of the sen-
sor devices can be selectively switched between a
mode in which it determines the time delay based on a
signal received from another sensor device, and a dif-
ferent mode in which it transmits a signal to other devic-
es. Such an arrangement is particularly advantageous
when combined with the feature mentioned above,
whereby different sub-sets of the sensors can be select-
ed for object location; the sensor device selected to
transmit its signal will depend upon (at least) the select-
ed sub-set (and possibly other factors, such as the rel-
ative strengths of the signals received by the sensors of
the sub-set).
[0023] According to a yet further aspect of the inven-
tion, the time difference of arrival (TDOA) is calculated
using a technique referred to herein as "crosslation".
This is disclosed for the purpose of time difference
measurement in WO-A-00/39643, and for analysis pur-
poses in European Patent Application No. 02254612.1
entitled "Signal Statistics Determination". The contents
of both these applications are incorporated herein by
reference.
[0024] The term "crosslation" as used herein refers to
a technique whereby predefined (preferably at least
substantially aperiodic) events which occur in one signal
are used to define staggered segments of a second sig-
nal, and representations of the staggered segments are
then combined. The first and second signals may in fact
be the same signal, in which case the resulting com-
bined representation will provide information regarding
the statistical properties of that signal, and in particular
about the average behaviour of the signal before and
after the predefined events. Alternatively the first and
second signals may be different signals ("mutual cross-
lation"), or one may be a delayed version of the other,
in which case the combined representation will provide
information about the relationship between those sig-
nals. For example, if the combined representation con-
tains a feature which would be expected from combining
segments associated with multiple predefined events,
this may indicate that one of the signals is delayed with
respect to the other by an amount corresponding to the
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position within the representation of that feature.
[0025] The technique of crosslation can be imple-
mented by processing the output waveform from one
sensor according to signal events occurring in the out-
puts of another sensor. Accordingly, only one full wave-
form is required. In situations where the sensors are lo-
cated remote from each other, this substantially reduces
the amount of data required to be transmitted by the sen-
sors and therefore enables the use of the invention in
systems having limited communication capabilities,
such as simple bandwidth-limited wireless links. A fur-
ther reduction in data transmission requirements is
achieved by using the aspect of the invention mentioned
above whereby a TDOA calculation is performed by a
sensor device by processing the output of the sensor of
that device according to signal events detected by the
sensor of another device. In this situation it is merely
necessary to transmit data representing the timing of
those signal events.
[0026] A preferred embodiment of the invention uses
a plurality of substantially identical passive sensor de-
vices PSDs, dispersed over some surveillance area of
interest, to form a main part of a distributed sensor net-
work which also comprises a data fusion centre DFC. In
a security surveillance system, for example, passive
acoustic sensors can provide a function of an 'acoustic
fence'. Information regarding the presence of an object
and its location is passed, for example, to a control sys-
tem of security cameras for aiming and zooming oper-
ations.
[0027] Arrangements embodying the invention will
now be described by way of example with reference to
the accompanying drawings.

DESCRIPTION OF THE DRAWINGS

[0028]

Fig. 1 is a block diagram of a generalised cross-cor-
relator configured according to the prior art to de-
termine the relative time delay between two signals.

Fig. 2 depicts a sensor network comprising seven
passive devices arranged in a regular array, a data
fusion centre and two security cameras.

Fig. 3 is a block diagram of a passive sensor device
in accordance with the present invention.

Fig. 4 illustrates schematically the process of form-
ing a crosslation sum waveform from overlapped
segments of a signal captured by a passive sensor
device.

Fig. 5 illustrates schematically the process of form-
ing a mutual crosslation sum waveform in a passive
sensor device by averaging overlapped segments
of a captured signal at the significant instants sup-

plied by another passive sensor device.

Fig. 6 is a more detailed block diagram of the pas-
sive sensor device.

Fig. 7 is a detailed block diagram of a modified pas-
sive sensor device.

Fig. 8 is a functional block diagram of a time-differ-
ence-of-arrival signal processor of the arrangement
of Fig. 7 operating in detection mode.

Fig. 9 is a functional block diagram of the time-dif-
ference-of-arrival signal processor of the arrange-
ment of Fig. 7, operating in master mode.

Fig. 10 is a functional block diagram of the time-dif-
ference-of-arrival signal processor of the arrange-
ment of Fig. 7, operating in slave mode.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0029] Fig. 2 is an example of a multi-sensor sensor
network with seven passive sensor devices PSDs, each
indicated by a respective numbered triangle, arranged
in a regular array, and a data fusion centre DFC which
sends suitable control signals to two security cameras,
CAM1 and CAM2.
[0030] All passive sensor devices PSDs are regarded
as the nodes of a distributed sensor network, and the
data fusion centre DFC may be viewed as a node of an-
other higher-level information network. While the main
role of passive sensor devices PSDs is to sense the sur-
veillance area, the data fusion centre DFC performs
functions of command, control and computation. It is as-
sumed that there is provided a communication channel
in the form of a wired or wireless link, available for infor-
mation exchange among all the passive sensor devices
PSDs and the data fusion centre DFC. It is also as-
sumed that all information exchanges are carried out un-
der the control of data fusion centre DFC.
[0031] Fig. 3 is a block diagram of a passive sensor
device PSD incorporating a time-difference-of-arrival
signal processor TDSP. The passive sensor device PSD
includes a sensor in the form of an acoustic transducer
AT with associated signal-conditioning circuits, which
sensor can produce an output in response to the pres-
ence of an object in its field of view. The passive sensor
device PSD also comprises a waveform analyzer WAN
and a communication interface processor CIP connect-
ed to a suitable radio transceiver TRX.
[0032] The signal processor TDSP outputs to the
waveform analyzer WAN a signal referred to herein as
a "crosslation sum"; this will be explained in more detail
below. The waveform analyzer WAN comprises a cross-
lation sum analyzer CSA and a suitable memory CST
storing data used in analysing the crosslation sum CS
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waveform.
[0033] The functions and operations performed col-
laboratively by the passive sensor devices PSDs and
the data fusion centre DFC will be explained with refer-
ence to a generic surveillance scenario depicted in Fig.
2, in which a dashed line and a dotted line represent,
respectively, the trajectories of two objects, A and B.
[0034] According to the preferred embodiment of the
invention, each passive sensor device PSD can operate
in one of three different modes: detection mode, master
mode and slave mode.
[0035] In the noise-alone case, each passive sensor
device PSD remains in detection mode, and the entire
sensor network is said to be operating in DETECT con-
figuration.
[0036] In order to be able to detect the presence of a
signal-emitting source, the time-difference-of-arrival
signal processor TDSP has a means to determine the
rate N(L) at which a captured signal crosses, with either
a positive slope (an upcrossing) or a negative slope (a
downcrossing), a predetermined level L. The value of L
is so selected as to ensure that in the noise-alone case,
the number of crossings of level L per unit time, i.e. the
crossing rate, is small. The values of N(L) registered at
each passive sensor device PSD are monitored by the
data fusion centre DFC via the communication link. The
monitoring process can be regular, i.e., continuous or
periodic, or irregular.
[0037] The data fusion centre DFC stores data defin-
ing a predetermined detection crossing rate NDET(L). As
soon as the crossing rate N(L) observed at any passive
sensor device PSD exceeds the value of NDET(L), a de-
tection is declared by the data fusion centre DFC in re-
spect of the passive sensor device PSD in which this
event has occurred. Detections may also be declared
for several passive sensor devices PSDs.
[0038] In the example of Fig. 2, it is assumed that at
the initial time T0 there are no signal emitting objects in
the vicinity of the sensor array, and all the passive sen-
sor devices PSDs are capturing background noise only.
The detection event occurs at time T1, when the signal
emitted by an approaching object A is sufficiently large
to give rise in passive sensor device PSD1 to a crossing
rate that exceeds NDET(L). As soon as the detection has
been declared, the data fusion centre DFC will send suit-
able commands to passive sensor device PSD1 and
some other selected passive sensor devices PSDs to
change their modes of operation.
[0039] The passive sensor device PSD in which a de-
tection has been declared, passive sensor device PSD1
in the considered example, will be switched to master
mode, and some other selected passive sensor devices
PSDs will be switched to slave mode, whereas the re-
maining passive sensor devices PSDs of the array will
continue to operate in detection mode. However, if de-
tections have been declared in several adjacent passive
sensor devices PSDs simultaneously, only the passive
sensor device PSD with the greatest observed crossing

rate will be switched to master mode.
[0040] The selection of slave passive sensor devices
PSDs is based on both their geographical locations with
respect to the master passive sensor device PSD and
increased crossing rates observed in those passive sen-
sor devices PSDs. The part of the network comprising
a master passive sensor device PSD and slave passive
sensor devices PSDs is now operating in LOCALISE
configuration, whereas the remaining part of the net-
work continues to operate in DETECT configuration.
[0041] It should be noted that separate parts of a dis-
tributed sensor network may operate independently at
the same time in LOCALISE configuration, when for ex-
ample there are several signal-emitting objects in the
surveillance area. However, there will always be one
master passive sensor device PSD per LOCALISE sub-
network (subnet).
[0042] In the example shown in Fig. 2, at time T1, pas-
sive sensor device PSD1, passive sensor device PSD2
and passive sensor device PSD3 will form a LOCALISE
subnet with passive sensor device PSD1 being the mas-
ter, and the remaining passive sensor devices PSDs will
form a DETECT subnet.
[0043] At time T2, passive sensor device PSD2 be-
comes the master of a reconfigured LOCALISE subnet
with passive sensor device PSD1 and passive sensor
device PSD3, and possibly also passive sensor device
PSD6, being the slaves.
[0044] At time T3, passive sensor device PSD5 may
be allowed to become the master of a second LOCAL-
ISE subnet with passive sensor device PSD7 being the
slave. However, because passive sensor device PSD4
may receive equally strong signals from both the ob-
jects, A and B, the data fusion centre DFC, by comparing
successively the performance of various sensor config-
urations, will attempt to form two LOCALISE subnets op-
erating alternately in time:

1. LOCALISE subnet 1, master: passive sensor de-
vice PSD5; slaves: passive sensor device PSD4
and passive sensor device PSD7;
2. LOCALISE subnet 2, master: passive sensor de-
vice PSD2; slaves: passive sensor device PSD4
and passive sensor device PSD6.

Consequently, during alternate operating periods, the
slave passive sensor device PSD4 will be receiving data
events from different masters.
[0045] It should be noted that the entire sensor net-
work can be reconfigured dynamically by the data fusion
centre DFC, depending on the crossing rates observed
at individual passive sensor devices PSDs, their geo-
graphical locations, and also on other considerations to
be discussed below.
[0046] Since declaration of detection and network
reconfiguration decisions all depend on the observed
values of level crossing rate, Example 1 discusses in
more detail the difference between crossing rates ex-
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pected in noise-alone and signal-plus-noise cases.

Example 1

[0047] Assume that σn is the rms value of background
noise with a rectangular frequency spectrum extending
from 0 Hz to 2 kHz. If background noise has a Gaussian
distribution, then the expected crossing rate achieves
its maximum of 2310 crossings per second for L = 0 i.
e., the zero crossing rate. When the level L rises grad-
ually to L = (σn, L = 2σn and L = 3σn, the expected cross-
ing rate will fall to 1340, 312 and 25 crossings per sec-
ond. If L = 4σn, then on average there will be less than
one crossing per second.
[0048] Suppose now that the crossing level L has
been set at L = 4σn and that the detection crossing rate
NDET(L) is equal to 1340 to achieve a very small value
of the probability of false alarm. Assume also, for illus-
trative purposes, that an object-generated signal has
the same rectangular spectrum as the background
noise. In this case, a detection will be declared if the rms
value σs of the signal is approximately at least four times
larger than that of the noise.
[0049] The increased crossing rates observed at pas-
sive sensor devices PSDs adjacent to a master passive
sensor device PSD, even those below the selected de-
tection crossing rate NDET(L), may indicate that at least
some of those passive sensor devices PSDs can con-
tribute to the collaborative task of object localisation.
Therefore, another decision crossing rate, the localisa-
tion crossing rate NLOC(L), needs to be selected for ef-
ficient network operation in LOCALISE configuration.
For example, all passive sensor devices PSDs at which
the observed crossing rate N(L) is greater than NLOC(L)
equal to, say, NDET(L)/4 may be considered as likely
candidates to be switched into slave mode and conse-
quently incorporated into a LOCALISE subnet.
[0050] When the sensor network is operating in LO-
CALISE configuration, it may happen that no longer can
any of the crossing rates observed in individual passive
sensor devices PSDs exceed the selected detection
crossing rate NDET(L). The distributed sensor network,
although unable to perform object localisation, may still
be used for declaring collaborative object detection, if,
for example, the sum of crossing rates observed in se-
lected adjacent passive sensor devices PSDs exceeds
some other predetermined value NSUM(L).
[0051] It may also happen that during the network op-
eration a new master passive sensor device PSD may
replace the old one, in accordance with the network rule:
only one master passive sensor device PSD per LO-
CALISE configuration.
[0052] Furthermore, passive sensor devices PSDs
with extremely low crossing rates may be allowed to ex-
clude themselves from the collaborative localisation
task, because they can no longer supply reliable infor-
mation to the data fusion centre DFC.
[0053] The data fusion centre DFC can control the

various re-configuration operations mentioned above by
using simple logic gates responsive to the outputs of
comparators for comparing signals representative of the
crossing rates detected at the various sensors with re-
spective thresholds. A suitable structure can readily be
designed by anyone skilled in the art.
[0054] The passive sensor device PSD modes detec-
tion, master and slave, as well as the network configu-
rations DETECT and LOCALISE, will now be described
in more detail.
[0055] Irrespective of the mode/configuration each
passive sensor device PSD always sends to data fusion
centre DFC information regarding the crossing rate N(L)
determined from a captured signal.
[0056] When in detection mode, each passive sensor
device PSD performs only a single function of determin-
ing the rate N(L) of crossing a level L by a captured sig-
nal plus noise or noise alone.
[0057] A master passive sensor device PSD in LO-
CALISE configuration performs the following operations
and functions:

1. Detecting the time instants at which the captured
signal crosses a predetermined level L, and then
forming a sequence of consecutive time intervals,
defined by the instants of alternating upcrossing
and downcrossings of level L. In the following, those
specific instants will be referred to as significant in-
stants. Significant instants are supplied, via the
communication link, to all slave passive sensor de-
vices PSDs in order to enable them to perform
TDOA determination.

2. Determining the time instants that define the time
intervals during which a predetermined number N
of significant instants have been detected. Those
time instants, referred to as end-of-cycle pulses EC
are sent, via the communication link, to all slave
passive sensor devices PSDs in order to synchro-
nize their internal data update. The instants at which
EC pulses occur may be viewed as a result of 'dec-
imation' of significant instants.

3. Determining the shape of the crosslation sum CS
waveform to be used by the crosslation sum ana-
lyzer CSA to indicate a specific class OC which best
represents the object generating the signal cap-
tured by a master passive sensor device PSD. Such
classification may be carried out by analyzing a suit-
able representation of the determined crosslation
sum CS using data stored in the memory CST of
the waveform analyzer WAN.

[0058] The shape of the crosslation sum CS wave-
form may be regarded as a 'fingerprint' signature used
to discriminate between several classes, including a
class 'unknown', of signal emitting objects.
[0059] The value of index OC, indicating the repre-
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sentative object class, is sent to the data fusion centre
DFC via a communication interface processor CIP and
a transceiver TRX.
[0060] Fig. 4 illustrates schematically the process of
forming a crosslation sum CS waveform from over-
lapped segments of a signal captured by a master pas-
sive sensor device PSD.
[0061] Fig. 4(a) shows a group of waveform seg-
ments, each segment representing the output of the
transducer AT during a respective interval. The seg-
ments are selected such that they represent the signal
for predetermined intervals before and after the signal
level crosses a predetermined threshold L (both up-
crossings and downcrossings), by using such events
("significant events") as triggers for a sampling process.
The "crosslation sum" is obtained by summing the
waveform segments. The resulting waveform is prefer-
ably then normalised by dividing the amplitude by the
number of waveform segments summed. (This is of
course equivalent to averaging the waveform segments;
references herein to summing are intended to encom-
pass averaging.) An example of a normalised crossla-
tion sum is shown in Fig. 4(b).
[0062] The above functions and operations can only
be performed reliably by a master passive sensor device
PSD if the signal-to-noise ratio SNR is high. This condi-
tion justifies the selection of a master passive sensor
device PSD based on the largest observed crossing
rate.
[0063] A slave passive sensor device PSD in LOCAL-
ISE configuration performs the following operations:

1. Summing, at the significant instants supplied by
a master passive sensor device PSD, overlapped
segments of a captured signal to determine the
crosslation sum CS waveform.

In this specific case, the operation of crossla-
tion will be referred to as mutual crosslation, since
it is performed at significant instants extracted from
a signal different from that being actually proc-
essed.

2. Transferring the crosslation sum CS waveform
resulting from the summation to the waveform an-
alyzer WAN at the time instants coincident with the
end-of-cycle EC pulses supplied by a master pas-
sive sensor device PSD.

[0064] The waveform analyzer WAN determines both
the extreme value (maximum in the present case) of
each received crosslation sum CS waveform and the
position in time of this value. This information is sent to
the data fusion centre DFC via a communication inter-
face processor CIP and a transceiver TRX.
[0065] The position in time of the maximum in the
crosslation sum CS waveform is a measure of the time
difference of arrival TDOA between the master passive
sensor device PSD and the slave passive sensor device

PSD supplying that crosslation sum CS waveform to
crosslation sum analyzer CSA. The maximum value is
an indication of the reliability of the time difference
measurement.
[0066] Fig. 5 illustrates schematically the process of
forming the mutual crosslation sum CS waveform in a
slave passive sensor device PSD by averaging over-
lapped segments of a captured signal at the significant
instants supplied by a master passive sensor device
PSD.
[0067] Fig. 5(a) shows the respective segments of the
sensor output signal (which is preferably a continuous
signal), the respective segments comprising successive
samples taken over predetermined intervals containing
respective crossings of a level L (upcrossings and
downcrossings) sensed at the master sensor device.
The segments thus formed are then combined and the
resulting waveform normalised (similar to the procedure
described with reference to Fig. 4) to provide a normal-
ised mutual crosslation sum, an example of which is
shown in Fig. 5(b). This will exhibit an amplitude peak
at a particular time (on the horizontal axis) which is rep-
resentative of the delay between the arrival of the sig-
nals of the respective master and slave sensor devices.
(For some types of signals, the peak may not precisely
coincide with the time delays to be determined, but the
error is likely to be negligible.) The term "peak" is used
herein to refer to both waveforms with local maxima and
waveforms with local minima (i.e. "troughs"). For exam-
ple, by selecting a negative value for level L, the nor-
malised crosslation sum would be a peak having an ex-
treme value which corresponds to a negative local min-
imum.
[0068] Thus, the extreme value of the crosslation sum
CS waveform determined by a slave passive sensor de-
vice PSD is a measure of the level of this portion of the
captured signal which is a time-shifted replica of the sig-
nal captured by the master passive sensor device PSD.
This property follows from the summation by the slave
passive sensor device PSD of the signal segments at
the significant instants determined by the corresponding
master passive sensor device PSD. Any other signal or
noise, unrelated by a simple time shift to the primary sig-
nal from which the significant instants have been ex-
tracted, will have a pattern of level crossings substan-
tially different from that formed by the significant in-
stants.
[0069] Therefore, if, despite a high crossing rate re-
ported by a slave passive sensor device PSD, the ex-
treme value of the crosslation sum CS waveform deter-
mined by that slave passive sensor device PSD be-
comes relatively small or negligible, then there is a pos-
sibility that the slave passive sensor device PSD is cap-
turing also signals emitted by objects other than that ob-
served by the master passive sensor device PSD. Con-
sequently, as soon as the crossing rate in the slave pas-
sive sensor device PSD has exceeded the detection
crossing rate NDET(L), the data fusion centre DFC may
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attempt to form a new LOCALISE subnet, with the "old"
slave passive sensor device PSD playing now the role
of master passive sensor device PSD, and some adja-
cent passive sensor devices PSDs becoming slave pas-
sive sensor devices PSDs in this new subnet.
[0070] In TDOA applications, mutual crosslation is su-
perior to conventional cross-correlation for the following
two main reasons:

1. Computation load: Mutual crosslation does not
require multiplications, and the whole function is de-
termined in a parallel manner, thus avoiding a var-
iable delay line.

2. Communication link requirements: When the time
difference of arrival TDOA is obtained by cross-cor-
relating signals received at spatially separated sen-
sors, a high fidelity copy of one of those signals
must be sent to a cross-correlator; however, a mu-
tual crosslator will require only a sequence of sig-
nificant instants for its correct operation. For data
transmission purposes, significant instants can be
conveniently represented by a bipolar binary wave-
form that asynchronously alternates between its
two extreme values at the significant instants.

[0071] The difference between the transmitted data
formats in these two cases is illustrated by Example 2.

Example 2

[0072] Assume that a signal being processed has a
rectangular frequency spectrum extending from 0 Hz to
2 kHz.
[0073] If the signal is sampled only at 4 kHz, and each
sample is represented by a 10-bit value, a signal seg-
ment of duration of 1 second will be represented by a
set of 40,000 bits. This data set will have to be sent, via
a suitable communication link, to a cross-correlator for
TDOA determination.
[0074] As seen from Example 1, even for the lowest
possible value of level L, i.e. L = 0, the number of sig-
nificant instants which need to be sent during 1-second
interval is equal to 2310. A binary waveform represent-
ing those significant instants can be transmitted in a con-
venient manner by applying a bipolar phase or frequen-
cy modulation.
[0075] Therefore, mutual crosslation can use a simple
modulation scheme in a communication link provided,
for example, by a low-cost radio transceiver.
[0076] A data fusion centre DFC receives the follow-
ing information:

1. From each passive sensor device PSD, irrespec-
tive of its mode: the rate N(L) of crossing level L by
a signal captured by the passive sensor device
PSD.

2. From master passive sensor device PSD: the val-
ue of index OC, indicating the class most likely to
represent the object emitting a signal being cap-
tured by the master passive sensor device PSD.

3. From slave passive sensor device PSD: the max-
imum value and the position in time of this maximum
for each crosslation sum CS waveform representing
the signal captured by the slave passive sensor de-
vice PSD.

[0077] The maximum value of the crosslation sum CS
waveform is a measure of the level of this portion of the
captured signal which is a time-shifted replica of the sig-
nal captured by the master passive sensor device PSD.
[0078] The position of the maximum of the crosslation
sum CS waveform is a measure of the time difference
of arrival TDOA between the master passive sensor de-
vice PSD and the slave passive sensor device PSD
which has determined that crosslation sum CS wave-
form.
[0079] The information received from passive sensor
devices PSDs is utilized by the data fusion centre DFC
to perform the following operations:

1. Declare a detection or detections, if the detection
crossing rate NDET(L) has been exceeded in at least
one passive sensor device PSD remaining in detec-
tion mode. A detection can also be declared if the
sum of crossing rates observed in adjacent passive
sensor devices PSDs has exceeded a predeter-
mined value NSUM(L).

2. Select dynamically a master passive sensor de-
vice PSD and slave passive sensor devices PSDs
for each subnet operating in LOCALISE configura-
tion.

3. Determine the object location by applying to a set
of TDOA measurements one of several numerical
algorithms known from the prior art (see for exam-
ple "A Simple and Efficient Estimator for Hyperbolic
Location", Y. T. Chan et al, IEEE Transactions on
Signal Processing, Vol. 42, No. 8, August 1994.).

4. Depending on the detected object class and/or
location, initiate an operation of a suitable actuator,
such as cameras CAM 1 and CAM 2, alarm device
etc., and/or send the information on the most prob-
able object class and location to another node of a
multi-sensor information fusion network.

[0080] It should be noted that an enhanced perception
of a region under surveillance can be achieved by com-
bining, or 'fusing', the information provided by the pro-
posed sensor network with complementary information
provided by a network comprising other sensors, such
as passive infrared sensors.
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[0081] The proposed sensor network, including its ar-
chitecture and mode of operation, may be one in which
an object of interest is illuminated by a source not col-
located with any of the sensors. The illuminating source
itself may be an active source used by the system, or it
may be a 'source of opportunity', such as a commercial
radio or TV transmitter, be it ground-based, airborne or
spaceborne.
[0082] Fig. 6 is a more detailed block diagram of the
passive sensor device PSD of Fig. 3.
[0083] The time-difference-of-arrival signal processor
TDSP comprises a tapped analogue delay line TDL with
multiple taps, a level crossing detector LCD, two pulse
delay circuits D1 and D2, a pulse counter PCT, a cross-
ing rate monitor CRM, two multiplexers MX1 and MX2,
a mode selecting circuit MID, a plurality of sample-and-
hold circuits SHC, a plurality of accumulators ACC and
a storage register SRG. The storage register SRG may
also incorporate a suitable waveform interpolator.
[0084] The level crossing detector LCD detects both
upcrossings and downcrossings of level L by an input
signal provided by the acoustic transducer AT and ap-
plied to the input IP of the time-difference-of-arrival sig-
nal processor TDSP. The desired crossing level L is set
by supplying a suitable threshold value to the input LV
of the level crossing detector LCD.
[0085] In the configuration shown in Fig. 6, each of M
taps of the analogue delay line TDL provides a time-de-
layed replica of the signal appearing at input IP. At any
time instant, the signal samples observed at the M taps
of the analogue delay line TDL form jointly a discrete-
time representation of a finite segment of the signal
propagating along the analogue delay line TDL. Prefer-
ably, the relative delay between consecutive taps of the
analogue delay line TDL has a constant value.
[0086] Fig. 7 is a block diagram of a passive sensor
device PSD incorporating a modified version of the time-
difference-of-arrival signal processor TDSP. In this con-
figuration, the analogue delay line TDL with multiple
taps has been replaced by an analogue or digital serial-
in-parallel-out shift register SIPO with a suitable clock
generator CG. Also, the level crossing detector LCD has
now two inputs instead of one, as will be described be-
low. Other blocks with their interconnections remain un-
changed.
[0087] An analogue signal captured by the acoustic
transducer AT is converted with a signal conditioning cir-
cuit into a suitable analogue or digital form and then ap-
plied to the serial input IP of the shift register SIPO.
[0088] The shift register SIPO consists of M storage
cells, C1, C2, ... , CM. Each cell has an input terminal,
an output terminal and a clock terminal CP. The cells are
connected serially so that each cell, except for the first
one C1 and the last one CM, has its input terminal con-
nected to the output terminal of a preceding cell and its
output terminal connected to the input terminal of a suc-
ceeding cell. The input terminal of cell C1 is used as the
serial input IP of the shift register SIPO. The output ter-

minals of all M cells are regarded as the parallel output
terminals of the shift register SIPO. All clock terminals
CP of the cells are connected together to form the clock
terminal of the shift register.
[0089] A sequence of suitable clock pulses is provid-
ed by a clock generator CG. When a clock pulse is ap-
plied to the clock terminal of the shift register, the signal
sample stored in each cell is transferred to and stored
by the succeeding cell. The shift register SIPO can be
implemented either as a digital device or as a discrete-
time analogue device, for example, in the form of a
"bucket-brigade" charge-coupled device CCD.
[0090] The parallel outputs of the shift register SIPO
are connected to respective M sample-and-hold circuits
SHC. Two selected adjacent shift register SIPO outputs
are also connected to two inputs of the level crossing
detector LCD. In the system shown in Fig. 7, the select-
ed outputs are those of cell CY and cell CZ.
[0091] If the number M of the shift register SIPO out-
puts is odd, then preferably one of the two selected out-
puts is the middle output, i.e. output M+1/2, of the shift
register SIPO. However, if the number of shift register
SIPO outputs is even, then the two selected outputs are
preferably output M/2 and output M/2+1.
[0092] Because the shift register SIPO is operating in
discrete time, defined by clock pulses provided by the
clock generator CG, the detection of crossing a prede-
termined level L by signal samples is slightly more com-
plicated than that in a continuous-time case. However,
the crossing detection can be accomplished by applying
the following decision rule:
If output of CY < L and output of CZ > L, or if output of
CY > L and output of CZ < L, then a level upcrossing
has occurred in a "virtual" cell VC "positioned between"
cell CY and cell CZ; otherwise no level crossing has oc-
curred.
[0093] From statistical considerations it follows that
when the period of the clock generator is small com-
pared to the time variability of a signal being processed,
the 'time' location of the virtual cell VC is uniformly dis-
tributed over the clock period. Consequently, it is as-
sumed that the virtual cell VC is located' in the middle
between cell CY and cell CZ.
[0094] As indicated above, the time-difference-of-ar-
rival signal processor TDSP operates in one of the three
different modes: detection mode, master mode and
slave mode. The mode requested by the data fusion
centre DFC is selected by a control signal appearing at
the output MS of the communication interface processor
CIP and applied to the mode selecting circuit MID. The
control signal is obtained via the communication inter-
face processor CIP and radio transceiver TRX from the
data fusion centre DFC.
[0095] The mode selecting circuit MID sends appro-
priate control signals to the two multiplexers, MX1 and
MX2, which select suitable paths for various signals
used by the time-difference-of-arrival signal processor
TDSP to operate correctly in a requested mode. The in-
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formation about the current mode of the time-difference-
of-arrival signal processor TDSP is sent to the data fu-
sion centre DFC via input MI of the communication in-
terface processor CIP and the radio transceiver TRX.
[0096] The operations and functions performed by the
time-difference-of-arrival signal processor TDSP in
each of the three modes will be now described in more
detail.

Detection mode

[0097] In this mode, outputs of MX1 and MX2 are dis-
abled. The time-difference-of-arrival signal processor
TDSP performs just a single function of monitoring the
crossing rate of a captured signal-plus-noise or noise
alone.
[0098] Fig. 8 is a functional block diagram of the time-
difference-of-arrival signal processor TDSP operating in
detection mode. Each level crossing event is detected
by the level crossing detector LCD which produces a
pulse at its outputs. The crossing rate monitor CRM de-
termines the average rate N(L) of the received pulses.
Preferably, the crossing rate monitor CRM is a moving-
average counter with a suitably selected 'time window'.
The value of the determined average crossing rate is
applied to the input CR of the communication interface
processor CIP. The average crossing rate is monitored
by the data fusion centre DFC via the radio transceiver
TRX. The monitoring process can be regular, i.e., con-
tinuous or periodic, or irregular.

Master mode

[0099] In this mode, the time-difference-of-arrival sig-
nal processor TDSP determines the crossing rate of a
captured signal and also performs crosslation on that
signal.
[0100] In response to a request from the data fusion
centre DFC, the mode selecting circuit MID sets via MX1
and MX2 the appropriate signal connections to produce
a time-difference-of-arrival signal processor TDSP con-
figuration whose functional block diagram is shown in
Fig. 9.
[0101] When a crossing of a prescribed level L is de-
tected by the level crossing detector LCD, a short trigger
pulse TP is generated at the level crossing detector LCD
output. The trigger pulse TP initiates, via the common
TPS input, the simultaneous operation of all sample-
and-hold circuits SHC. Each sample-and-hold circuit
SHC captures the instantaneous value of the signal ap-
pearing at its input and supplies this value to a respec-
tive accumulator ACC.
[0102] Trigger pulses TP define significant instants
required by slave passive sensor devices PSDs in a cor-
responding LOCALISE subnet. Trigger pulses TP are
applied to the input TP of the communication interface
processor CIP, and then broadcast via radio transceiver
TRX to the slave passive sensor devices PSDs to syn-

chronise the respective processes of mutual crossla-
tion.
[0103] The TP also increments by one the current
state of the pulse counter PCT. The capacity of the PCT
is equal to a predetermined number N of level crossings.
The TP is also applied to a suitable pulse delay circuit
D1 whose delay is preferably equal to the settling time
of the sample-and-hold circuits SHC.
[0104] A delayed trigger pulse DT obtained from the
delay circuit D1 initiates, via the common input DT, the
simultaneous operation of all accumulators ACC driven
by respective sample-and-hold circuits SHC. The func-
tion of each accumulator ACC is to perform addition or
averaging of all N samples appearing successively at
its input during one full operation cycle of the crosslation
process.
[0105] When a predetermined number N of level
crossings has been detected by the level crossing de-
tector LCD, and registered by the pulse counter PCT,
an end-of-cycle EC pulse is produced at the output of
the PCT. The EC pulse resets the PCT, via the input RT,
and it also initiates, via input ECS, the transfer of the
accumulators' contents to the storage register SRG.
Each EC pulse, suitably delayed by the pulse delay cir-
cuit D2, sets all the accumulators ACC to their initial zero
state via the common input RS. Shortly after the occur-
rence of the EC, a discrete-time version of the deter-
mined crosslation sum CS waveform is available at the
output CSF of the storage register SRG.
[0106] When no waveform interpolation is used in the
register SRG, the determined crosslation sum CS wave-
form is represented by M values. However, some addi-
tional signal processing may be performed in the regis-
ter SRG to produce an interpolated (smoothed) repre-
sentation of the CS waveform comprising more than M
primary values supplied by the accumulators ACC.
[0107] The CS waveform is transferred to the wave-
form analyzer WAN whose output, connected to the in-
put OC of the communication interface processor CIP,
is sent to the data fusion centre DFC via a transceiver
TRX. As described above, the value of index OC indi-
cates a specific class which best represents an object
generating the signal captured by a master passive sen-
sor device PSD.
[0108] End-of-cycle pulses EC are required by slave
passive sensor devices PSDs forming a corresponding
LOCALISE subnet. EC pulses are applied to the input
EC of the communication interface processor CIP, and
then broadcast via radio transceiver TRX to the slave
passive sensor devices PSDs in order to synchronize
their internal data update.
[0109] While in master mode, the time-difference-of-
arrival signal processor TDSP is also monitoring the
crossing rate of a captured signal, in the same manner
as in detection mode. The determined crossing rate is
applied to input CR of communication interface proces-
sor CIP.
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Slave mode

[0110] In this mode, the time-difference-of-arrival sig-
nal processor TDSP determines the crossing rate of a
captured signal and also performs the operation of mu-
tual crosslation on that signal by utilizing significant in-
stants and end-of-cycle pulses provided by a suitable
master passive sensor device PSD.
[0111] In response to a request from the data fusion
centre DFC, the mode selecting circuit MID sets via MX1
and MX2 the appropriate signal connections to produce
a time-difference-of-arrival signal processor TDSP con-
figuration whose functional block diagram is shown in
Fig. 10.
[0112] Each significant instant, received from the TPR
output of the communication interface processor CIP, in-
itiates, via the common TPS input, the simultaneous op-
eration of all sample-and-hold circuits SHC. Each sam-
ple-and-hold circuit SHC captures the instantaneous
value of the signal appearing at its input and supplies
this value to a respective accumulator ACC.
[0113] A delayed trigger pulse DT obtained from the
delay circuit D1 initiates, via the common input DT, the
simultaneous operation of all accumulators ACC driven
by respective sample-and-hold circuits SHC. The func-
tion of each accumulator ACC is to perform addition or
averaging of all samples appearing successively at its
input during one full operation cycle of the mutual cross-
lator system.
[0114] Each end-of-cycle pulse, received at output
ECR of communication interface processor CIP, initi-
ates, via input ECS, the transfer of the accumulators'
contents to the storage register SRG. Each ECR pulse,
suitably delayed by the pulse delay circuit D2, sets all
the accumulators ACC to their initial zero state via the
common input RS. Shortly after the occurrence of the
ECR, a discrete-time version of the determined mutual
crosslation sum waveform is available at the output CSF
of the storage register SRG.
[0115] When no waveform interpolation is used in the
register SRG, the determined mutual crosslation sum
waveform is represented by M values. However, some
additional signal processing may be performed in the
register SRG to produce an interpolated (smoothed)
representation of the mutual crosslation sum waveform
comprising more than M primary values supplied by the
accumulators ACC.
[0116] The mutual crosslation sum waveform is trans-
ferred to the waveform analyzer WAN whose outputs,
connected to inputs MP and SM of the communication
interface processor CIP, are sent to the data fusion cen-
tre DFC via a transceiver TRX.
[0117] As described above, the position MP of the
maximum in the waveform is a measure of the TDOA
between the master passive sensor device PSD and the
slave passive sensor device PSD supplying that wave-
form to waveform analyzer WAN. The maximum value
SM of the waveform is a measure of the level of this

portion of the captured signal which is a time-shifted rep-
lica of the signal captured by the master passive sensor
device PSD.
[0118] The determined average crossing rate is sup-
plied to the mode selecting circuit MID to enable passive
sensor devices PSDs with extremely low crossing rates
to exclude themselves from the collaborative localisa-
tion task, when they can no longer supply reliable infor-
mation to the data fusion centre DFC.
[0119] In the above embodiment, object detection and
location is achieved using acoustic waves; this is partic-
ularly advantageous, because delays arising in the
transmission of representing signal events are negligi-
ble having regard to acoustic frequencies. However, the
invention is also applicable to other types of signals.
[0120] In the above embodiment, one signal is ana-
lysed to determine the times at which a predetermined
level is crossed, so as to generate event data, for ex-
ample in the form of an event stream. This data is used
to segment a second signal, and the derived signal seg-
ments, corresponding to both the upcrossing events and
the downcrossing events in the first signal, are summed.
The resultant waveform exhibits a substantially unipolar
shape from which a position corresponding to the delay
between the two signals can be readily determined. In
the preferred embodiment, the position is found by lo-
cating a peak of the resultant waveform, the peak having
a position corresponding to the delay between the two
signals and an amplitude representing the reliability of
the delay measurement. However, various other tech-
niques could be used to find the delay, such as locating
the centre of gravity of the shape, or the median value
(corresponding to the location at which the area of the
shape is divided equally into two).
[0121] As indicated above, the invention can be used
for object detection, location and/or tracking. It is appli-
cable to systems which determine the bearing of an ob-
ject, as well as systems which detect the actual position
of an object, and the term "location" is to be interpreted
accordingly.
[0122] Although the invention has been described in
the context of locating an object movable within a plane,
such as a horizontal plane, it is of course also applicable
to the detection and/or tracking of objects located any-
where in three dimensions.
[0123] The invention is of course applicable to sys-
tems which use sensors responsive to signals other
than acoustic signals. For example, it would be possible
to use electromagnetic sensors which detect objects
which emit or reflect suitable electromagnetic noise-like
signals.
[0124] The foregoing description of preferred embod-
iments of the invention has been presented for the pur-
pose of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise form
disclosed. In light of the foregoing description, it is evi-
dent that many alterations, modifications, and variations
will enable those skilled in the art to utilize the invention
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in various embodiments suited to the particular use con-
templated.

Claims

1. An object tracking system comprising four or more
sensors at different sites, each sensor being capa-
ble of detecting a signal from an object, and control
means for repeatedly, in response to the outputs of
the sensors, selecting a sub-set of the sensors and
determining the amount by which the times at which
the sensors of the sub-set receive the signal are de-
layed with respect to each other to enable calcula-
tion of the current location of the object.

2. A system as claimed in claim 1, wherein the control
means is responsive to detecting that a parameter
of a sensor output exceeds a predetermined detec-
tion threshold level for selecting said sub-set.

3. A system as claimed in claim 2, wherein the control
means is operable to determine whether a sensor
belongs to said sub-set in dependence upon, at
least, whether the sensor output exhibits a param-
eter which exceeds a second threshold level differ-
ent from said first-mentioned threshold level.

4. A system as claimed in any preceding claim, includ-
ing means for processing an output from a first sen-
sor of said sub-set in accordance with a signal rep-
resenting the time at which predetermined events
occur within an output from a second sensor of said
sub-set, in order to determine the delay between the
receipt of the signal by the first and second sensors.

5. A system as claimed in claim 4, including means for
forming a combination of segments of said output
of said first sensor, the segments being staggered
with respect to each other by intervals correspond-
ing to the delays between the events in the output
of the second sensor, and means for determining
said time delay from the position of a feature within
said combination.

6. A system as claimed in claim 4 or claim 5, wherein
each said sensor forms part of a respective sensor
device which is operable in a master mode to trans-
mit data representative of the occurrence of said
events, and in a slave mode to process the output
of its sensor with received data representative of the
occurrence of events in the output of another sensor
in order to determine said time delay.

7. A system as claimed in claim 6, wherein said control
means is operable to cause one of the sensor de-
vices of the sub-set to operate in the master mode,
and the other sensor devices of said sub-set to op-

erate in the slave mode.

8. A sensor device for use in an object location system
comprising multiple sensor devices at different
sites, the sensor device comprising a sensor and
means responsive to a received control signal for
switching the device between:

(a) a master mode, in which the device is oper-
able to transmit data derived from a signal from
an object which is sensed by said sensor; and
(b) a slave mode, in which the device is opera-
ble to process an output of said sensor in ac-
cordance with data from another sensor device
in order to determine the time delay between
receipt of signals by the sensors of the respec-
tive devices;

the sensor device further comprising means for
transmitting data representative of the determined
time delay.

9. A sensor device as claimed in claim 8, wherein, in
the master mode, the device is operable to transmit
data indicative of the time at which predetermined
events occur within the output of the sensor, the de-
vice being operable in the slave mode to use the
received data to define segments of the output of
the sensor which are staggered with respect to each
other by intervals corresponding to the delays be-
tween successive events defined by the second da-
ta, to form a combination of the segments, and to
determine, from the position of a feature within said
combination, said time delay.

10. A sensor device as claimed in claim 9, wherein the
predetermined events correspond to times at which
the level of the sensor output increases above and
decreases below a predetermined level, and where-
in the said combination is formed by summing the
samples.

11. A system for determining the location of an object,
the system comprising:

three or more sensors at different sites and
each capable of producing a varying signal de-
rived from an object in its field of view, and
calculation means for (a) deriving at least two
time measurements each representing the dif-
ference in time between a signal produced by
a respective one of the sensors and a similar
signal produced by a different one of the sen-
sors, and (b) means for calculating the location
of the object in dependence upon the time
measurements;

wherein each time measurement is derived
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by:

combining multiple segments of the signal from
the respective sensor, the segments being
staggered by intervals which correspond to the
intervals between predetermined events occur-
ring in the signal generated by said different
sensor, and
determining the position within the combination
of a predetermined feature.

12. A system as claimed in claim 11, wherein the pre-
determined events correspond to times at which the
level of a sensor output increases above and de-
creases below a predetermined level, and wherein
the said combination is formed by summing the
samples.
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