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Abstract. Inspired by the behaviour of the human visual system, a spiking neu-
ral network is proposed to detect moving objects in a visual image sequence.
The structure and the properties of the network are detailed in this paper. Simu-
lation results show that the network is able to perform motion detection for dy-
namic visual image sequence. Boundaries of moving objects are extracted from
an active neuron group. Using the boundary, a moving object filter is created to
take the moving objects from the grey image. The moving object images can be
used to recognise moving objects. The moving tracks can be recorded for fur-
ther analysis of behaviours of moving objects. It is promising to apply this ap-
proach to video processing domain and robotic visual systems.
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1 Introduction

A football player can promptly perform a series of actions to capture a football when
he sees the moving football toward him. The information of the moving football con-
veys to the brain through the visual system. The retina contains complex circuits of
neurons that extract salient information from visual inputs. Signals from photorecep-
tors are processed by retinal interneurons, integrated by retinal ganglion cells and sent
to the brain by axons of retinal ganglion cells. Different cells respond to different
visual features, such as light intensity, colour or moving objects [1-5]. Mammalian
retinas contain approximately 55 distinct cell types, each with a different function [1].
A retinal cell type responds to upward motion has been identified in [6]. Results in [7]
demonstrate that information for segmenting scenes by relative motion is represented
as early as visual cortex V1. To detect moving objects, the brain must distinguish
local motion within the scene from the global image. The findings in [8] show how a
population of ganglion cells selective for differential motion can rapidly flag moving
objects, and even segregate multiple moving objects. In [9], it is shown that neurons
compute internal models of the physical laws of motion. These findings are shown
some principles for the brain to detect moving objects in the psychological or
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statistical level. What are the exact neuronal circuits for motion detection? How can
we simulate the neuronal circuits in electronic circuits and then apply them to artifi-
cial intelligent systems? This is the motivation of this paper. Jeffress [22-24] applied
the time difference principle of axonal delay to account for sound localisation [11,13].
Based on spiking neuron model and axonal delay [10-14], a neuronal circuit is pro-
posed to explain how a spiking neural network can detect moving objects in an image
sequence. The neuronal circuit has been simulated in software and embedded in a
simulation system. Combining with the traditional image processing approaches, the
system can demonstrates retrieval of moving objects from an image sequence.

The remainder of this paper is organized as follows. In Section 2, axonal delays are
used to construct a spiking neural network which is used to simulate the visual cortex
for motion detection, and the principle of motion detection is described. The network
model is based on conductance-based integrate-and-fire neurons. The behaviours of
the neural network with the axonal delay are represented by a set of equations in
Section 3. Simulation system and results for motion detection are presented in Section 4.
Discussions about the network are given in Section 5.

2 Spiking Neural Network Model for Motion Detection

The human visual system performs motion detection very efficiently. Neuroscientists
have found that there are various receptive fields from simple cells in the striate cor-
tex to those of the retina and lateral geniculate nucleus (see page 236-248 in [15]),
and the axonal delay causes a phase shift for a spike train [10-14]. Inspired by the
axonal delay mechanism, a spiking neural network model is proposed to detect mov-
ing objects. Its structure is shown in Fig. 1. Suppose that the first layer represents
photonic receptors for an image from visual system. Each pixel of the image corre-
sponds to a receptor. The intermediate layer is composed of two neuron arrays. N1
neuron array and N2 neuron array have the same size as the receptor layer. N1 and N2
neuron array are connected to neurons in output layer. As shown in Fig.1, receptor
Nr(x, y) is connected to N1(x, y) through excitatory synapse without delay and
through inhibitory synapse with an axonal delay At. Similarly, the neuron Nr(x, y) is
also connected to N2(x, y) through excitatory synapse with an axonal delayAt and
through inhibitory synapse without delay. Let Sy.(x, y, t) represent current from re-
ceptor Nr(x, y). If the current from receptor Nr(x, y) is stable, i.e. current Sy,(X, y, t) is
equal to current Sn(X, y, 7-4¢f), the excitatory input and the inhibitory input of neuron
NI1(x, y) can be balanced by adjusting the parameters of synapses, and then neuron
NI1(x, y) is silent. If the current of receptor Nr(x, y) becomes stronger, i.e. the current
Sni(X, y, ?) is larger than current S,(X, y, t-A¢), the balance is broken, and then neuron
NI1(x, y) will generate spikes if Sx(X, y, ) is larger enough than Sy.(X, y, t-4f). If the
current of receptor Nr(x, y) becomes weaker, neuron N1(X, y) does not fire. In this
case, input neuron N2(x, y) through inhibitory synapse becomes weaker, but input
through excitatory synapse is still strong. Neuron N2(x, y) will fire if Sy(X, y, ?) is
smaller enough than Sy(X, y, t-A4f). Therefore, the gray scale changes of pixels in the
image are reflected in the output neuron layer, i.e. Neuron N(x’, y’) will fire if Neuron
N1 or Neuron N2 fires. Therefore, the moving object corresponds to high firing-rate
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Fig. 1. Spiking neural network model for motion detection

neurons in the output layer. The object can be obtained by binding these highly active
neurons in the output layer.

3 Spiking Neuron Model and Simulation Algorithms

Simulation results show that the conductance-based integrate-and-fire model is very
close to the Hodgkin and Huxley neuron model [16-21]. Therefore, this model is
applied to the aforementioned network model. Let G,, (¢) represent gray scale of

image pixel at point (x,y) at time ¢, ¢ (r) represent peak conductance caused b
ge p p y X,y P p y

excitatory current Sy(X, y, t) from a receptor at point (x,y), and qj'ffy(t) represent peak

conductance caused to inhibitory current Sy,(X, y, t) from a receptor at point (x,y). For
simplicity, suppose that each receptor can transform a gray scale value to peak con-
ductance by the following expressions.

7,1 =0G, (1); g (=BG, (1) (1)

where o and § are constants. According to the conductance based integrate-and-fire
model [20-21], neuron N1 is governed by the following equations.

dg a ®) 1
% = -— ENI_exeyy D +AG, (D). ()

ex
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where gy oy, y) () and gy, 5 () are the conductance for excitatory and inhibitory
synapses respectively, 7. and 7, are the time constants for excitatory and inhibitory
synapses respectively, Ar is the axonal delay, vy, () is the membrane potential of

neuron NI, E,, and E;;, are the reverse potential for excitatory and inhibitory synapses
respectively, ¢, represents a capacitance of the membrane, g; represents the conduc-
tance of membrane, ex is short for excitatory and ik for inhibitory, A,, is the mem-
brane surface area connected to a excitatory synapse, and A;,is the membrane surface

area connected to a inhibitory synapse, wy; .,y represents the strength of inhibitory
SYNapses, Wyj_x(x,y) fepresents the strength of excitatory synapses. wy; .,y and
WN1_ex(r,y) ar€ adjusted so that neuron N1 dose not fire when G, , (1) =G, (- Ar).

By analogy, membrane potential of Neuron N2 is governed by the equation as
follows.

vaz(x’y) (1)
m dt

WN27ex(x,y)gN27ex(x,y) (t - At)
A (ng _VNz(x,y)(t))

“ &)

(Eih _VNz(x,y)(t))’

=g,(E “VN2(x,y) ")+

N Wna_ine ) 8N2_in(x,y) ()
Ay

where vy, ) (#) represents the membrane potential of neuron N2. Note that changes

of conductance of excitatory synapses have a delay comparing with Neuron N1, but
changes of conductance of inhibitory synapses have not any delay that is different
from Neuron N1. When the membrane potential of Neuron N1 and N2 reaches a
threshold v, the neuron generates a spike respectively. These spikes are transferred to
corresponding neuron in output layer. Let Sy;(¢) represent a spike train which is gen-
erated by neuron N1.

1 if neuron N1 fires at timet.

Syi(0) :{ (6)

0 if neuron Nldoes not fire at timet.

By analogy, let Sn,(?) represent spike trains for neurons N2. Neuron N, in the output
layer is governed by the following equations.

Zex(xy) () 1
% == Zasy) () + (W Sy () + Wry2Syo (1)), (7

ex
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ex
Note that intermediate neurons are connected to output Neuron N,,,» only by excita-
tory synapses. Let S, (f) represent spike train generated by Neuron N,,, in output
layer. The firing rate for Neuron N, - is calculated by the following expression.

t+T

1
Ry (=220 Sy (0) ©)

Plotting r,,(f) as a grey image, white areas indicate neuron groups with high firing
rate. Drawing the outside boundaries of firing neuron groups, boundaries of moving
objects are extracted.

4 Simulation Results

This model is used to simulate biologically inspired neuronal behaviours. Learning
mechanism is not required. The parameters are set corresponding to biologic neurons.
Following parameters for the network ware used in the experiments. v, = -60 mv.
Vieser = =10 mv. E,,= 0 mv. Ey=-75 mv. E=-70 mv. g;=1.0 ,us/mmz. c,=10 nF/mm?.
7,.=2 ms. 7;=2 ms. A;=0.028953 mm’. A,=0.014103 mm?. These parameters can be
slightly adjusted to get good quality of output image. The architecture of simulation
system is shown in Fig. 2.

A\ Transfer A| SNN
to grey motion
_|/ ,scale —|/ detection
image
Image sequence {}
Filter out Output of
\ | movin \| moving
Objectsg objects in
/ |/ grey image

Fig. 2. The architecture of simulation system

The system takes an image from the image sequence each time step. The image is
transferred to a grey scale image. The grey image presents to the spiking neural net-
work (SNN) for motion detection. The moving objects can be detected by the SNN
based on the equations in Section 3. The edges of firing neuron groups are used to
determine the boundaries of the moving objects. Using the boundaries of the objects,
a filter is generated to take out of moving objects from background. Therefore, the
moving object in the grey image is transferred to the output image. The results of
simulations are shown in Fig. 3. Images (a), (c), (¢) and (g) are original image from
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(b)The moving car has been detected.

(f) The people has been detected from (e)

(g) People in an original image (h) The people has been detected from(g)

Fig. 3. Results of simulations

image sequence, where as (b), (d), (f) and (h) are corresponding outputs of the simula-
tion system. A simplified model based on the principle is implemented using C++ in
Windows XP. This program can be used to demonstrate the dynamic properties for
SNN motion detection in real time.
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5 Discussion

Inspired by biological findings, a neuronal circuit for motion detection is proposed in
this paper. The neuronal circuit is based on axonal delay using spiking neuron model
and it can be used to explain how a spiking neural network in the visual system can
detect moving objects. Further research is required to establish the actual mechanisms
employed by the visual cortex to determine motion. However, the proposal presented
here can be used in artificial intelligent systems. Since the circuit is based on spiking
neuron model, other findings in the human visual system can be integrated into the
system to process more complicated moving objects tracking and recognition. It would
be very promising to create more powerful image processing system using more bio-
logical principles found in the visual system, for example, this can be extended to deal
with the coloured images. This is a very interesting topic for further study.

References

1. Masland, R.H.: The Fundamental Plan of the Retina. Nature Neurosci. 4, 877-886 (2001)

2. Wassle, H.: Parallel Processing in the Mammalian Retina. Nature Rev. Neurosci. 5, 747—
757 (2004)

3. Nelson, R., Kolb, H.: On and off Pathways in the Vertebrate Retina and Visual System. In:
Chalupa, L.M., Werner, J.S. (eds.) The Visual Neurosciences, pp. 260-278. MIT Press,
Cambridge (2003)

4. Demb, J.B.: Cellular Mechanisms for Direction Selectivity in the Retina. Neuron 55, 179-
186 (2007)

5. Taylor, W.R., Vaney, D.I.: New Directions in Retinal Research. Trends Neurosci. 26, 379—
385 (2003)

6. Kim, L.J., Zhang, Y., Yamagata, M., Meister, M., Sanes, J.R.: Molecular Identification of a
Retinal Cell Type that Responds to Upward Motion. Nature 452, 478482 (2008)

7. Reppas, J.B., Niyogi, S., Dale, A.M., Sereno, M.1., Tootell, B.H.: Representation of Mo-
tion Boundaries in Retinotopic Human Visual Cortical Areas. Nature 388(6638), 175-186
(1997)

8. Olveczky, B.P., Baccus, S.A., Meister, M.: Segregation of Object and Background Motion
in the Retina. Nature 423(6938), 401-408 (2003)

9. Angelaki, D.E., Shaikh, A.G., Green, A.M., Dickman, J.D.: Neurons Compute Internal
Models of the Physical Laws of Motion. Nature 430(6999), 560-565 (2004)

10. Lin, J.W., Faber, D.S.: Modulation of Synaptic Delay during Synaptic Plasticity. Trends
Neurosci. 25(9), 44-55 (2002)

11. Pena, J.L., Kazuo, S., VSaberi, F.K., Konishi, M.: Cochlear and Neural Delays for Coinci-
dence Detection in Owls. The Journal of Neuroscience 21(23), 9455-9459 (2001)

12. Senn, W., Schneider, M., Ruf, B.: Activity-Dependent Development of Axonal and Den-
dritic Delays, or, Why Synaptic Transmission Should Be Unreliable. Neural Computa-
tion 14, 583-619 (2002)

13. Carr, C.E., Konishi, M.: Axonal Delay Lines for Time Measurement in the Owl’s Brain-
stem. Proceedings of the National Academy of Sciences of the United States of Amer-
ica 85(21), 8311-8315 (1988)

14. Crook, S.M., Ermentrout, G.B., Vanier, M.C., Bower, J.M.: The Role of Axonal Delay in
the Synchronization of Networks of Coupled Cortical Oscillators. Journal of Computa-
tional Neuroscience 4(2), 157-6873 (1997)



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Motion Detection Using Spiking Neural Network Model 83

Kandel, E.R., Shwartz, J.H.: Principles of Neural Science. Edward Amold (Publishers)
Ltd. (1981)

Koch, C.: Biophysics of Computation: Information Processing in Single Neurons. Oxford
University Press, Oxford (1999)

Dayan, P., Abbott, L.F.: Theoretical Neuroscience: Computational and Mathematical
Modeling of Neural Systems. The MIT Press, Cambridge (2001)

Gerstner, W., Kistler, W.: Spiking Neuron Models: Single Neurons, pulations, Plasticity.
Cambridge University Press, Cambridge (2002)

Miiller, E.: Simulation of High-Conductance States in Cortical Neural Networks, Masters
Thesis, University of Heidelberg, HD-KIP-03-22 (2003)

Wu, Q.X., McGinnity, T.M., Maguire, L.P., Glackin, B., Belatreche, A.: Learning Mecha-
nism in Networks of Spiking Neurons. Studies in Computational Intelligence, vol. 35, pp.
171-197. Springer, Heidelberg (2006)

Wu, Q.X., McGinnity, T.M., Maguire, L.P., Belatreche, A., Glackin, B.: Adaptive Co-
Ordinate Transformation Based on Spike Timing-Dependent Plasticity Learning Paradigm.
In: Wang, L., Chen, K.S., Ong, Y. (eds.) ICNC 2005. LNCS, vol. 3610, pp. 420-428.
Springer, Heidelberg (2005)

Jeffress, L.A.: A Place Theory of Sound Localization. J. Comp. Physiol. Psychol. 41, 35—
39 (1948)

Jeffress, L.A.: Binaural Phase Difference and Pitch Variation. Am. J. Psychol. 61, 468-486
(1948)

Jeffress, L.A.: Interaural Phase Difference and Pitch Variation: Day-to-Day Changes. Am.
J. Psychol. 62, 1-19 (1949)



	Motion Detection Using Spiking Neural Network Model
	Introduction
	Spiking Neural Network Model for Motion Detection
	Spiking Neuron Model and Simulation Algorithms
	Simulation Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.01667
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 2.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice




