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A low-cost accident detection system utilizing cheap 
ADXL345 accelerometers and GPS receiver is pro-
posed in this communication. The accident detection 
algorithm was developed based on sudden decelera-
tion. The double integration of the acceleration and 
heading from the tilt angles of accelerometers were 
used to determine the location. Kalman filter was uti-
lized to correct the accumulated double integration 
errors with the trusted GPS data. The field tests  
demonstrated the correct functioning of the accident 
detection algorithm and location. The proposed low-
cost system can save many lives by the automated  
accident detection and accurate location even during 
GPS outage. 
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THE automobile is one of the greatest inventions that has 
become an essential part of our daily activities. However, 
it can bring about disaster and can even kill us through 
accidents. Vehicle accident is a vital problem in today’s 
world1. Nearly 1.3 million people die in road crashes 
each year, which is 3,287 deaths per day and leaving 20–
50 million injured or disabled2. Despite various efforts by 
different agencies against careless driving, accidents are 
taking place. About 6% of the accident fatalities could 
have been eliminated if the accident information had been 
divulged at the right time3. This can be achieved by an  
efficient automatic accident detection and notification 
system with correct location of the accident. 
 Accident detection system is a widely researched topic. 
Real-time traffic accident prediction relates accident  
occurrences from various detectors such as induction 
loops, infrared detector, camera, etc. However, these are 
restricted by the number of sensors, algorithms, traffic 
flow, weather, etc. Driver-initiated incident detection sys-
tem has more advantages than manual incident detection 
system. However, during an accident, the driver may not 
be in a physical condition to report the accident manually. 
Chuan-Zhi et al.4 proposed a freeway incident detection 
system utilizing the car air bag sensor and accelerometer, 
GPS to locate the place of accident and GSM to send the 
accident location. However, car air bag sensors are not 

installed in all cars and the location, at times, may not be 
known due to GPS outage. 
 A smart phone-based accident detection system has 
been proposed by White et al.5 based on expensive smart 
phones and suffers from the possibility of false alarm. An 
impact sensor-based accident detection and wireless mod-
ule-based reporting system proposed by Megalingam et 
al.6 largely depends on the huge installation of wireless 
receiver at short intervals. A solely GPS-based accident 
detection and location system was proposed by Amin et 
al.7. The speed capability of GPS was used for accident 
detection and accident location was reported from GPS 
position through GSM. However, the proposed system 
suffers from the conventional limitations of the GPS. 
Sando et al.8 also reported the limitations of GPS for  
locating a crashed vehicle. 
 The GPS receiver determines position by the direct 
line-of-sight signal from the satellites. The blockage by 
any obstruction affects both the amplitude and phase of 
the received satellite signals and needs requisition of sat-
ellite signals9–11. Moreover, the update rate of GPS is also 
not sufficient to determine the acceleration from the 
speed data for the purpose of accident detection. An  
accelerometer, on the other hand, provides instantaneous 
acceleration with higher update rate. Besides, it can also 
provide orientation information12. The rapid development 
of semiconductor manufacturing technologies enabled the 
development of MEMS-based accelerometers. However, 
the accuracy of the MEMS-based accelerometers is  
affected by accumulated bias, scale factor, drift, noise, 
etc. which vary with the price13. The limitation of instan-
taneous acceleration and outage of GPS can be overcome 
by the higher update rate of acceleration and orientation 
of the accelerometer. On the other hand, the inherited  
inaccuracy of the low-cost accelerometer can be over-
come by accurate information of the GPS. 
 This communication proposes a low-cost, efficient,  
accident detection and location system utilizing cheap 
MEMS 3-axes accelerometers and GPS. The loosely cou-
pled integration of accelerometer and GPS with Kalman 
filter provides proper acceleration information to detect 
accidents accurately and orientation of the vehicle for its 
exact location during GPS outage. 
 The GPS receiver determines the position by calculat-
ing the geometric intersection of the ranges of known  
coordinates of the satellites and the receiver using eq. (1) 
below14. At least four pseudorange measurements are  
required to estimate the position as eq. (1) has four  
unknowns (x, y, z and b). In low-cost GPS receivers,  
inexpensive quartz crystal oscillator is used as a timer. As 
such, the receiver clock drifts from true GPS time. So, eq. 
(1) includes a significant user time bias. 
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where x(k), y(k) and z(k) are the coordinates of the satellite, 
x, y and z are the user coordinates, b is the bias of the 
user clock and  is the error source. 
 The receiver estimates velocity utilizing the Doppler 
shift between the satellites and the receiver. The Doppler 
shift can be determined with the known satellite velocity 
by differentiating pseudorange measurement. The pseudo-
range rate can be calculated using eq. (2). With minimum 
four pseudorange rate measurements, the velocity is  
determined using the least squares estimation. The accel-
eration (a) can be easily calculated from eq. (3), where dv 
is the change of velocity in time dt. However, the update 
rate of the low-cost GPS receivers is normally limited. As 
such, the instantaneous acceleration cannot be found from 
the GPS. Moreover, the acceleration is contaminated if 
the velocity is less than 1.5 m/s (ref. 12). 
 
 ( ) ( ) ( ) ( )( ) 1 ,k k k kv v b         (2) 
 

 d ,
d
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t

  (3) 

 
where v(k) is the satellite velocity vector, v is user velocity 
vector, b is rate of change of receiver clock, 1(k) is the 
line-of-sight unit vector of the user-to-satellite unit and  
is the error source. 
 Digital accelerometer provides acceleration informa-
tion in inter-integrated circuit (I2C) or serial peripheral 
interface (SPI) protocol. The accelerometer reading needs 
to be scaled to the G values. The scale is calculated by  
dividing the total range with the number of bits as shown 
in eq. (4), where ar is the total range and ab is the number 
of bits. The acceleration in G can then be determined by 
multiplying the raw digital values by the scale. From the 
acceleration, the position can be found by eq. (5), where 
the present position is the summation of the previous  
position, integral of velocity and the double integration of 
the acceleration. During a constant velocity, the accelera-
tion will be zero. Thus, the third term in eq. (5) will be-
come zero. In this situation, the vehicle will move with a 
constant velocity and the position will be the summation 
of previous position and the integral of constant velocity 
as given in eq. (6). 
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The accelerometer provides acceleration due to move-
ment and also acceleration due to gravity. By measuring 
the static acceleration caused by gravity, the tilt angle can 
be calculated. The tilt angle can provide the heading in-
formation of the vehicle. With three-axes accelerometers, 
the tilt angle can be determined using eq. (7) for an axis 
where X, Y and Z are the accelerations in x, y and z axes. 
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The accelerometer measurements need to be alignned 
with GPS measurements for the GPS and accelerometer 
fusion. Thus, the acceleration readings need to be trans-
formed to the earth frame by a fixed rotation matrix. The 
vehicle position is expressed in x, y and z axis. It is  
expressed in geodetic coordinate frame. GPS uses a set of 
fundamental parameters referred by the World Geodetic 
System 1984 (WGS 84), where the ECEF (earth centred 
earth fixed) coordinate frame is for the GPS14. The trans-
formation from LLA (, , h) to ECEF (x, y, z) is given in 
eq. (8), where N is called the normal, h the distance from 
the surface to the z-axis along the ellipsoid normal and e 
is the first numerical eccentricity of the ellipsoid. 
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The NED (north east down) is a right-handed coordinate 
system fixed to the vehicle which points to the true north, 
east and downward directions. The body coordinate frame 
is located at the centre of gravity (CG) of the vehicle, 
with x pointing towards the nose of the vehicle, y point-
ing towards the right door of the vehicle and z pointing 
down to comply with the right-hand rule. The different 
coordinate frames are shown in Figure 1. Equation (9) 
shows the primary rotation that brings the ECEF frame to 
coincide with NED frame and the vice versa is given in 
eq. (10). The NED to body frame coordinate rotation is 
given in eq. (11). 
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where  is latitude and  is longitude in geodetic frame. 
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where sin is denoted by s and cos is denoted by c. 
 Despite the accuracy of the GPS, it cannot provide  
location information during an outage. On the other hand, 
accelerometer can provide continuous acceleration which 
can be used to calculate the position. However, initializa-
tion with a valid GPS position is essential for the acceler-
ometer to correctly determine accelerometer-derived 
position. But position and orientation of the accelero-
meter are contaminated by the double integration errors 
of the low-cost accelerometer. These limitations can be 
overcome by fusing both the sensor data with an appro-
priate filter. Kalman filter, particle filter, neural network, 
etc. are the popular filters for data fusion. However,  
Kalman filter is chosen in the proposed system due to its 
simplicity, computational efficiency and easier imple-
mentation compared to the other filters15. In spite of the 
predicted fused position from the Kalman filter, to restrict 
the error growth of the accelerometer-derived position, a 
valid GPS signal is needed from time to time. 
 Kalman filter is a recursive solution to discrete linear 
filtering which provides an optimal, unbiased method for 
estimation. Here, the state of a system14 at time-step k is 
described by eq. (12) and updated with a measurement by 
eq. (13) 
 
 1 1 1,k k k kx Ax Bu w      (12) 
 
 ,k k kz Hx v   (13) 
 

 
 
Figure 1. Geodetic, earth centred earth fixed (ECEF) and north east 
down (NED) coordinate system. 

where the matrix A relates the state at time k – 1 to the 
state at time k, matrix B relates the control input to  
the state, matrix H relates the state to the measurement, 
and variables vk and wk are the measurement noise and the 
process noise respectively. 
 The Kalman filter consists of five essential stages that 
repeat over a given time-interval. The current state esti-
mate is used to compute the predicted value of the state at 
the next time interval by eq. (14). In the next stage, cur-
rent state covariance estimate is used to compute the pre-
dicted value of the state covariance using eq. (15) at the 
next time-interval. The filter gain is computed using eq. 
(16). With the state estimate update, the posteriori state 
update is executed using eq. (17). In the final stage, the 
state covariance estimate is updated using eq. (18). The 
covariance and filter gain computation update can be 
done offline and the real-time Kalman filter implementa-
tion is reduced to state estimation only. 
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where ˆkx  is the priori state estimate at step k, A an n  n 
matrix relating state at k – 1 time to k, 1ˆkx   the posteriori 
state estimate at time-step k – 1, B the n  1 matrix relat-
ing the control input to state x, u a control input which is 
optional, kP  the priori estimate error covariance, and  
Pk–1 the posteriori estimate error covariance. 
 The HI-204III GPS receiver (Haicom Electronics Cor-
poration) is a low-cost device which provides satellite 
positioning data with a continuous tracking of all satel-
lites in view. Its 4000 search bins and 20 parallel chan-
nels provide quick satellite signal acquisition and it takes 
less than 40 sec in cold start and 8 sec in hot start. With  
–159 dBm tracking sensitivity, it offers good navigation 
performance in urban areas and limited sky view with 
1 Hz update rate. 
 The low-cost ADXL345 is an MEMS-based, small, 
thin, low power, three-axes accelerometer with high reso-
lution (13-bit), which can provide measurement up to 
16 G. Its high resolution (4 mg/LSB) enables measure-
ment of inclination changes less than 1.0. An ATmega328 
microprocessor is used at 57,600 bps to capture the 
ADXL345 data at 8 g range in I2C digital interface. 
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 Raw accelerometer data were scaled to determine the 
acceleration data in G value using eq. (5). The scale was 
found to be 0.015625 with an acceleration range of 8 G. 
The data were captured at 10bits. The raw value was mul-
tiplied by the G value (9.80665 m/s2) after the scaling. 
The three-axes orthogonal accelerometers measure the 
longitudinal, latitudinal and gravitational acceleration  
respectively. The accelerometer data are rotated from the 
body frame to the NED frame using eq. (10). Data  
derived from the GPS lack in instantaneous acceleration, 
which is important in determining a sudden deceleration 
due to accident. But the accelerometer can provide in-
stantaneous acceleration with high update rate which is 
the prime need for accident detection. As such, for the 
purpose of sudden deceleration detection the accelero-
meter data are only considered. But, the low-cost acceler-
ometer data contain a lot of noise. Denoising is done 
using the Alaln variance method, low-pass filter and win-
dow of discrimination. 
 An efficient accident detection model is vital in detect-
ing vehicle accident. A threshold-based filtering of decel-
eration is used to predict the occurrence of an accident. 
The accident detection scenario is activated when the  
vehicle travels above 23 kph. Speed below this is not 
likely to cause any fatal accident situation in frontal crash 
and reduces the false alarm of accident situation16. 
 A vehicle decelerates when the brake is applied. The 
proposed system monitors the deceleration data from the 
accelerometer continuously. For the frontal crash, any 
deceleration more than 5 Gs is considered as an accident 
situation17. Once the deceleration is detected less than 
5 Gs, the system checks for the velocity. In a frontal 
crash, the vehicle is likely to be stopped completely. If 
the velocity is found below 5 kph, then the system con-
firms it to be an accident. Considering the GPS and  
accelerometer conventional errors, the 5 kph velocity is 
considered. The velocity check after the deceleration 
threshold would reduce the chances of false alarm. Once 
the accident situation is detected, the system would raise 
an alarm for the location detection module. The flowchart 
of the accident detection is shown in Figure 2. 
 Beside the detection of the accident, the accelerometer 
can provide velocity information by integrating the accel-
eration once and the position information by double inte-
gration. The heading change can be found from the tilt 
angles of the accelerometers. However, the low-cost 
ADXL345 accelerometer suffers from noises and errors 
which include bias, random walk, quantization noise and 
jitter. This causes an error in the position which grows 
quadratically with time. The raw accelerometer data were 
collected for 24 h to determine the quantization noise, 
random walk, and bias instability of the accelerometer by 
fitting a curve to the resulting plot by the Allan variance 
method18. A window of discrimination between valid and 
invalid readings was used to remove the jitter around the 
stationary value using the errors from the Allan variance 

method. If the reading falls within these limits, then it is 
considered as noise and the acceleration is set to zero. 
The accelerometer also gives noisy data which come as a 
spike of sudden unusual acceleration for one or two sam-
ples. These are removed with a low-pass filter. 
 The loosely coupled GPS and accelerometer integra-
tion system with Kalman filter depends on the form of 
input data to the filter, which can be either three-
dimensional velocity/position differences or pseudorange/ 
rate differences. The three-dimensional velocity/position 
difference method is easier to implement due to its simple 
structure19. Thus, the difference of GPS-derived and  
accelerometer-generated velocity/position is taken as an 
input to the Kalman filter. The proposed Kalman filter  
integration of the GPS and accelerometer with its input 
and output is shown in Figure 3. 
 
 

 
 

Figure 2. Accident detection algorithm. 
 
 
 

 
 
Figure 3. Proposed GPS and accelerometer integration by Kalman 
filter. 
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Figure 4. Accident detection based on deceleration. 
 
 
 The measurement error is an important parameter for 
the Kalman filter. As such, the measurement errors of the 
GPS and accelerometer need to be determined. The GPS 
velocity error is required to find the velocity measure-
ment variance for observation equation. The standard  
deviation of the velocity measurement (v) error can be 
found using eq. (19). The static velocity error (static) was 
found to be 0.6 m/s by keeping the Haicom 204III GPS 
receiver static in a place with good line-of-sight for 3 h. 
The aggressive accelerations and decelerations for a  
vehicle20 were considered to be 6 m/s2. With the update 
rate of 1 m/s of the receiver, the dynamic velocity error 
(dynamic) was found to be 6 m/s. A higher update rate 
GPS can reduce this error with an increment in the  
receiver price. Using eq. (19), the standard deviation (v) 
of the velocity error is found to be 6.6 m/s 
 
 v = static + dynamic.  (19) 
 
The acceleration from the longitudinal axis accelerometer 
was integrated once to obtain the longitudinal velocity 
and integrated again to determine the displacement using 
eq. (5). The lateral accelerometer was used to determine 
the heading change using eq. (6). With the heading in-
formation, the east and north distances were calculated 
and the vehicle positions were determined using eqs (20) 
and (21). 
 
 lat = lat + (n _ dist * degrees/m),  (20) 
 
 long = long + (e _ dist * degrees/m).  (21) 
 
After determining the measurement errors and position 
information for the GPS and the accelerometer, the data 

were fed to a Kalman filter using Matlab. The GPS data 
were reliable as the data do not contain long-term accu-
racy errors. The accelerometer errors were corrected  
using the GPS data. Whenever the GPS velocity informa-
tion was more than 1.5 m/s, the position vector was  
updated by eq. (22). If the GPS velocity was not reliable 
(velocity < 1.5 m/s), then the position information was 
updated with the Kalman filter-derived accelerometer  
information using eq. (23), where A denotes accelero-
meter and G denotes for GPS. 
 

 ( ) ( 1) ,GX t X t V t   
  

 (22) 
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A test vehicle was used to evaluate the proposed system. 
The GPS was installed on the dashboard of the test vehi-
cle for a better line-of-sight. The ADXL345 accelerome-
ter was rigidly fixed at the middle of the vehicle. GPS 
and accelerometer data were recorded while driving on 
the road of Jalan Temuan, Universiti Kebangsaan Malay-
sia, Bangi, Selangor, Malaysia. The vehicle was driven at 
various speeds to obtain high accelerations. The vehicle 
was abruptly brought to a dead stop by applying the brake 
to attain sudden decelerations. During driving, the GPS 
was intentionally covered few times to deprive the line-
of-sight. It was even intentionally covered before the last 
deceleration to test the correctness of the location infor-
mation derived from the accelerometer. After the vehicle 
came to a dead stop, the GPS was uncovered to allow it to 
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reacquire the satellite so that the validity of the acceler-
ometer position could be evaluated. 
 The collected data were post-processed using 
MATLAB software. The ADXL345 acceleration data re-
corded for the X-axis (direction of the vehicle movement) 
were plotted to detect the acceleration and deceleration, 
as shown in Figure 4. In the proposed accident detection  
algorithm, the deceleration above 5 Gs is considered as  
an accident situation. But achieving 5 Gs is impossible 
without a real accident. As such, the threshold was re-
duced to 0.9 G to test the accident detection. Figure 4 
shows that the vehicle achieved 0.9 G deceleration at 
around 6000th sample time, but again it started accelerat-
ing. As such, although the 0.9 G threshold was reached, 
the accident was not declared as the vehicle started mov-
ing more than 5 kph after achieving the deceleration. But 
at around 7000th sample time, the vehicle again achieved 
a deceleration more than 0.9 G. But this time, the vehicle 
 

 
 
Figure 5. Kalman filtered accelerometer positions with GPS outage. 

 
 

 
 
Figure 6. GPS and Kalman filtered accelerometer positions on Quan-
tum Geographic Information System. 

was completely stopped and thus it was treated as an  
accident. As such, the system could detect sudden decel-
eration and differentiate a false accident situation. 
 After an accident is detected, the system determines the 
location of the vehicle. The GPS coverage was intention-
ally interrupted several times during the test drive as 
mentioned above. Specially, before the vehicle came to a 
dead stop with high deceleration, the GPS acquisition had 
been intentionally blocked for a longer time. The Kalman 
filtered accelerometers positions compensated these gaps. 
Figure 5 shows the GPS outage positions with the filled-
up Kalman filtered accelerometer positions. The GPS was 
allowed to reacquire the satellite position after the vehicle 
came to a dead stop in the simulated accident situation. 
The GPS-based position and the Kalman filter-based  
accelerometer position almost coincided, as seen in  
Figure 5. The GPS positions and the Kalman filtered  
accelerometer positions were plotted in the open-source 
Quantum Geographic Information System (QGIS; Figure 
6). The plotting on the QGIS also showed the correct  
positions of the vehicle during GPS outage, which indi-
cated the correct functioning of the proposed system. 
 Thus, a low-cost accident detection and location sys-
tem has been developed in this study utilizing only  
off-the-shelf, low-cost accelerometers and GPS receiver. 
The instantaneous and higher rate of the accelerometer 
was used to detect an accident due to sudden decelera-
tion. The accident location module was developed by 
double integrating the erroneous data of the accelerome-
ter with the inherited intermittent data of GPS using the 
Kalman filter. The field test showed the correct accident 
detection and the location during a GPS outage. The  
low-cost system will be suitable for all vehicles and will 
also save many lives by the automated detection of acci-
dent and location. 
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The effect of endocytosis of gold nanoparticles (AuNPs) 
on photoacoustic (PA) signal is examined using com-
puter simulations. It assumes that the endocytosed 
AuNPs significantly enhance cellular optical absorp-

tion but do not alter thermophysical parameters. The 
PA signals were computed employing a theoretical 
model at various cell and intracellular NP concentra-
tions for 532 nm illumination. It was found that the 
PA amplitude increased linearly in both the cases. The 
simulation results, when the contributions from both 
coherent and incoherent components are included, 
demonstrate good agreement with published experi-
mental results. 
 
Keywords: Computer simulations, endocytosis, gold 
nanoparticles, photoacoustic signals. 
 
NANOPARTICLES (NPs) are of profound interest in a vari-
ety of biological and biomedical studies. Several bio-
medical imaging modalities use different nanoscale 
structures such as gold (Au) nanospheres, Au nanorods, 
silver nanosystems, and carbon (C) nanotubes as contrast  
enhancers1,2. AuNPs are found to be the most suitable for 
various applications because of their (i) simple and fast 
preparation procedure, (ii) tunable light scattering and 
absorbtion properties, (iii) ability to bind with target-
specific ligands (through surface roughness manipulation) 
and (iv) lack of toxicity1. 
 Photoacoustic (PA) imaging technique has also exten-
sively used different metallic and non-metallic NPs as 
contrast agents to improve its sensitivity3–6. In PA imag-
ing, a short nanosecond pulsed laser is used to irradiate a 
tissue sample and this induces a pressure transient due to 
thermoelastic expansion7–9. Such a wide band pressure 
transient is detected employing an ultrasonic transducer. 
A raster scan of a 2D region is generally performed to 
capture PA signals, which are then utilized to generate 
the corresponding grey scale image. The PA image re-
tains optical contrast of the imaging region, and central 
frequency of the ultrasonic detector defines resolution of 
the image. This technique has been widely used to gather 
anatomical and functional information of various small 
animal organs at depths beyond optical penetration depth. 
The administration of NPs allows the PA technique to 
form images of deep tissue regions with enhanced con-
trast and this in turn enables it to provide in vivo images. 
Moreover, the capability of the PA technique can be  
extended to image specific cells or molecules by appro-
priate surface functionalization of NPs so that they would 
bind with those cells or molecules and induce PA effect. 
Various metallic NPs have been employed for visualizing 
different functional and cellular/molecular processes10,11. 
Studies have also demonstrated that C nanotubes conju-
gated with cyclic Arg–Gly–Asp (RGD) peptides can 
serve as contrast agents for PA imaging of tumours12. 
 Effort has been made to calculate theoretically the PA 
pressure emitted by a NP surrounded by a fluid  
medium13. Chen et al.13 computed PA pressure from bare 
and silica-coated NPs immersed in various solvents and 
by comparing calculated and measured values revealed 
that the surrounding medium greatly influences the  


