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GESTURE RECOGNITION DEVICES, GESTURE RECOGNITION METHODS, 

AND COMPUTER READABLE MEDIA 

Cross-reference to Related Applications  

[0001] 	The present application claims the benefit of the Singapore patent application 

No. 10201407991X filed on 1 December 2014, the entire contents of which are 

incorporated herein by reference for all purposes. 

Technical Field  

[0002] 	Embodiments relate generally to gesture recognition devices, gesture 

recognition methods, and computer readable media. 

Background  

[0003] 	Gesture recognition is evolving to an important component of user interfaces. 

As such, there may be a need for sophisticated gesture recognition methods. 

Summary  

[0004] 	According to various embodiments, a gesture recognition device may be 

provided. The gesture recognition device may include: a plurality of emitters, each 

emitter configured to emit a signal; at least one receiver configured to receive signals 

emitted by the plurality of emitters; a controller configured to control the plurality of 

emitters to subsequently emit signals in a plurality of patterns of a first subset of the 
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plurality of emitters emitting a signal and a second subset of the plurality of emitters not 

emitting a signal; and a gesture recognition circuit configured to determine a gesture of a 

user of the input device based on the signals received by the at least one receiver. 

[0005] 	According to various embodiments, a gesture recognition method may be 

provided. The gesture recognition method may include: a plurality of emitters each 

emitting a signal; receiving signals emitted by the plurality of emitters in at least one 

receiver; a controller controlling the plurality of emitters to subsequently emit signals in a 

plurality of patterns of a first subset of the plurality of emitters emitting a signal and a 

second subset of the plurality of emitters not emitting a signal; and determining a gesture 

of a user of the input device based on the signals received by the at least one receiver. 

[0006] 	According to various embodiments, a computer readable medium may be 

provided. The computer readable medium may include program instructions which when 

executed by a processor cause the processor to perform a gesture recognition method. 

The gesture recognition method may include: a plurality of emitters each emitting a 

signal; receiving signals emitted by the plurality of emitters in at least one receiver; a 

controller controlling the plurality of emitters to subsequently emit signals in a plurality 

of patterns of a first subset of the plurality of emitters emitting a signal and a second 

subset of the plurality of emitters not emitting a signal; and determining a gesture of a 

user of the input device based on the signals received by the at least one receiver. 

Brief Description of the Drawings  

[0007] 	In the drawings, like reference characters generally refer to the same parts 

throughout the different views. The drawings are not necessarily to scale, emphasis 
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instead generally being placed upon illustrating the principles of the invention. In the 

following description, various embodiments are described with reference to the following 

drawings, in which: 

FIG. 1 A shows a gesture recognition device according to various embodiments; 

FIG. 1B shows a flow diagram illustrating a gesture recognition method according 

to various embodiments; 

FIG. 2 shows an illustration of an example constellation of three receivers and 

three transmitters, and the respective rays emitted by each of the emitters according to 

various embodiments; 

FIG. 3 shows an illustration of measurements, with a measured variable matrix A 

according to various embodiments; 

FIG. 4 shows a prototype hardware block diagram, and shows the block diagram 

of the zSense's electronics unit according to various embodiments; 

FIG. 5 shows an illustration of an implemented prototype with interaction 

instances according to various embodiments; 

FIG. 6 shows an illustration of sensor constellations possible with number of 

sensors or emitters limited to 3 according to various embodiments; 

FIG. 7A to FIG. 7D show illustrations of various gestures according to various 

embodiment; 

FIG. 8 shows an illustration of cross configuration evaluation results according to 

various embodiments; 

FIG. 9 shows an illustration of accuracy variation with gesture set size according 

to various embodiments; and 
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FIG. 10 shows an illustration of two application scenarios where zSense can be 

easily integrated and extend the interaction space of a smartphone and/ or a smart watch 

according to various embodiments. 

Description 

[0008] 	Embodiments described below in context of the devices are analogously valid 

for the respective methods, and vice versa. Furthermore, it will be understood that the 

embodiments described below may be combined, for example, a part of one embodiment 

may be combined with a part of another embodiment. 

[0009] 	In this context, the gesture recognition device as described in this description 

may include a memory which is for example used in the processing carried out in the 

gesture recognition device. A memory used in the embodiments may be a volatile 

memory, for example a DRAM (Dynamic Random Access Memory) or a non-volatile 

memory, for example a PROM (Programmable Read Only Memory), an EPROM 

(Erasable PROM), EEPROM (Electrically Erasable PROM), or a flash memory, e.g., a 

floating gate memory, a charge trapping memory, an MRAM (Magnetoresistive Random 

Access Memory) or a PCRAM (Phase Change Random Access Memory). 

[0010] 	In an embodiment, a "circuit" may be understood as any kind of a logic 

implementing entity, which may be special purpose circuitry or a processor executing 

software stored in a memory, firmware, or any combination thereof. Thus, in an 

embodiment, a "circuit" may be a hard-wired logic circuit or a programmable logic 

circuit such as a programmable processor, e.g. a microprocessor (e.g. a Complex 

Instruction Set Computer (CISC) processor or a Reduced Instruction Set Computer 
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(RISC) processor). A "circuit" may also be a processor executing software, e.g. any kind 

of computer program, e.g. a computer program using a virtual machine code such as e.g. 

Java. Any other kind of implementation of the respective functions which will be 

described in more detail below may also be understood as a "circuit" in accordance with 

an alternative embodiment. 

[0011] 	Gesture recognition is evolving to an important component of user interfaces. 

According to various embodiments, sophisticated gesture recognition methods may be 

provided. 

[0012] 	According to various embodiments, sensors and emitters (for example sensors 

and emitter pairs) may be provided which emit and sense an energy medium reflected by 

human body, for example, infrared or ultrasonic sensors and emitters, or for example 

light emitting diodes emitting light in the visible wavelength range and corresponding 

sensors. 

[0013] 	zSense (in other words: the various devices and methods according to various 

embodiments) may use "non-linear spatial sampling" (this is where all the spatial patterns 

comes into action) to sense gestures. 

[0014] 	According to various embodiments, zSense may provide a technique for 

close-proximity gesture recognition. 

[0015] 	According to various embodiments, gesture based mobile computer-human 

interaction may be provided. The technology may implement compressive sensing based 

gesture recognition technology, with low energy consumption and low power 

consumption using non-linear spatial sampling. 
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[0016] 	FIG. 1A shows a gesture recognition device 100 according to various 

embodiments. The gesture recognition device 100 may include a plurality of emitters 

102. Each emitter may be configured to emit a signal. The gesture recognition device 100 

may further include at least one receiver 104 configured to receive signals emitted by the 

plurality of emitters 102. The gesture recognition device 100 may further include a 

controller 106 configured to control the plurality of emitters 102 to subsequently emit 

signals in a plurality of patterns of a first subset of the plurality of emitters 102 emitting a 

signal and a second subset of the plurality of emitters 102 not emitting a signal. The 

gesture recognition device 100 may further include a gesture recognition circuit 108 

configured to determine a gesture of a user of the input device 100 based on the signals 

received by the at least one receiver 104. The plurality of emitters 102, the at least one 

receiver 104, the controller 106, and the gesture recognition circuit 108 may be coupled 

with each other, like indicated by lines 110, for example electrically coupled, for example 

using a line or a cable, and/ or mechanically coupled. 

[0017] 	In other words, an input device according to various embodiments may 

determine a gesture of a user based on receiving signals emitted by a plurality of emitters 

in a pattern of some of the emitters of the plurality of emitters transmitting signals and 

other emitters of the plurality of emitters not transmitting signals. 

[0018] 	According to various embodiments, the at least one receiver 104 may be 

configured to receive signals emitted by the plurality of emitters 102 and reflected from a 

target (not shown in FIG. 1A). 

[0019] 	According to various embodiments, the plurality of emitters 102 may be 

provided in a plane. 
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[0020] 	According to various embodiments, the gesture recognition device 100 may 

include a plurality of receivers 104 provided in a plane. 

[0021] 	According to various embodiments, the plurality of emitters 102 may be 

provided on a line. 

[0022] 	According to various embodiments, the plurality of emitters 102 may be 

provided in a triangular shape. 

[0023] 	According to various embodiments, the plurality of emitters 102 may be 

provided in an L-shape. 

100241 	According to various embodiments, the plurality of emitters 102 may be 

provided facing a common direction. 

[0025] 	According to various embodiments, the plurality of emitters 102 may be are 

provided facing a pairwise angularly displaced direction. 

[0026] 	According to various embodiments, the plurality of emitters 102 may include 

or may be or may be included in a plurality of infrared emitters or a plurality of ultrasonic 

sensors. 

[0027] 	According to various embodiments, each infrared emitter may be configured 

to emit infrared light. 

[0028] 	According to various embodiments, the at least one receiver 102 may include 

or may be or may be included in a plurality of receivers, each receiver configured to 

receive signals emitted by the plurality of emitters. 

[0029] 	According to various embodiments, each receiver may be configured to 

receive infrared light. 
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[0030] 	According to various embodiments, each receiver may be configured to 

provide an electrical signal based on the signals received from the plurality of 

transmitters. 

[0031] 	According to various embodiments, the controller 106 may be configured to 

periodically repeat the plurality of patterns. 

[0032] 	According to various embodiments, the first subset may vary in the plurality 

of patterns. 

[0033] 	According to various embodiments, the second subset may vary in the 

plurality of patterns. 

[0034] 	According to various embodiments, in each pattern, a set union of the first 

subset and the second subset may include or may be or may be included in the plurality 

of emitters. 

[0035] 	According to various embodiments, in each pattern, a cut-set of the first subset 

and the second subset may be empty. 

[0036] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to classify gestures of a user into a plurality of classes. 

[0037] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to classify the gestures based on at least one support vector machine. 

[0038] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to identify a location of a finger of the user based on a support vector 

machine. 
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[0039] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to identify a horizontal position of a finger of the user based on a first support 

vector machine. 

[0040] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to identify a vertical position of the finger of the user based on a second 

support vector machine. 

[0041] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to classify the gestures based on a K-star method. 

[0042] 	According to various embodiments, the gesture recognition circuit 108 may be 

configured to classify the gestures based on a BayesNet method. 

[0043] 	According to various embodiments, the gesture recognition device 100 may 

further include a training circuit (not shown in FIG. 1A) configured to train the gesture 

recognition circuit. 

[0044] 	According to various embodiments, the training circuit may be configured to 

train the gesture recognition circuit 108 based on signals which are received for known 

gestures of the user. 

[0045] 	According to various embodiments, the training circuit may be configured to 

train the gesture recognition circuit 108 based on an optimization method. 

[0046] 	FIG. 1B shows a flow diagram 112 illustrating a gesture recognition method 

according to various embodiments. In 114, a plurality of emitters each may emit a signal. 

In 116, signals emitted by the plurality of emitters may be received in at least one 

receiver. In 118, a controller may control the plurality of emitters to subsequently emit 

signals in a plurality of patterns of a first subset of the plurality of emitters emitting a 
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signal and a second subset of the plurality of emitters not emitting a signal. In 120, a 

gesture of a user of the input device may be determined based on the signals received by 

the at least one receiver. 

[0047] 	According to various embodiments, the gesture recognition method may 

further include receiving in the at least one receiver signals emitted by the plurality of 

emitters and reflected from a target. 

10048] 	According to various embodiments, the plurality of emitters may be provided 

in a plane. 

[0049] 	According to various embodiments, signals emitted by the plurality of 

emitters may be received in a plurality of receivers provided in a plane. 

[0050] 	According to various embodiments, the plurality of emitters may be provided 

on a line. 

[0051] 	According to various embodiments, the plurality of emitters may be provided 

in a triangular shape. 

[0052] 	According to various embodiments, the plurality of emitters may be provided 

in an L-shape. 

[0053] 	According to various embodiments, the plurality of emitters may be provided 

facing a common direction. 

[0054] 	According to various embodiments, the plurality of emitters may be provided 

facing a pairwise angularly displaced direction. 

[0055] 	According to various embodiments, the plurality of emitters may include or 

may be or may be included in a plurality of infrared emitters or a plurality of ultrasonic 

sensors. 
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[0056] 	According to various embodiments, each infrared emitter may emit infrared 

light. 

[0057] 	According to various embodiments, the at least one receiver may include or 

may be or may be included in a plurality of receivers, each receiver receiving signals 

emitted by the plurality of emitters. 

[0058] 	According to various embodiments, each receiver may receive infrared light. 

[0059] 	According to various embodiments, each receiver may provide an electrical 

signal based on the signals received from the plurality of transmitters. 

[0060] 	According to various embodiments, the controller may periodically repeat the 

plurality of patterns. 

[0061] 	According to various embodiments, the first subset may vary in the plurality 

of patterns. 

[0062] 	According to various embodiments, the second subset may vary in the 

plurality of patterns. 

[0063] 	According to various embodiments, in each pattern, a set union of the first 

subset and the second subset may include or may be or may be included in the plurality 

of emitters. 

[0064] 	According to various embodiments, in each pattern, a cut-set of the first subset 

and the second subset may be empty. 

[0065] 	According to various embodiments, the gesture recognition method may 

further include classifying gestures of a user into a plurality of classes. 

[0066] 	According to various embodiments, the gesture recognition method may 

further include classifying the gestures based on at least one support vector machine. 
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[0067] 	According to various embodiments, the gesture recognition method may 

further include identifying a location of a finger of the user based on a support vector 

machine. 

[0068] 	According to various embodiments, the gesture recognition method may 

further include identifying a horizontal position of a finger of the user based on a first 

support vector machine. 

[0069] 	According to various embodiments, the gesture recognition method may 

further include identifying a vertical position of the finger of the user based on a second 

support vector machine. 

[0070] 	According to various embodiments, the gesture recognition method may 

further include classifying the gestures based on a K-star method. 

[0071] 	According to various embodiments, the gesture recognition method may 

further include classifying the gestures based on a BayesNet method. 

[0072] 	According to various embodiments, the gesture recognition method may 

further include training the gesture recognition circuit. 

[0073] 	According to various embodiments, the gesture recognition method may 

further include training the gesture recognition circuit based on signals which are 

received for known gestures of the user. 

[0074] 	According to various embodiments, the gesture recognition method may 

further include training the gesture recognition circuit based on an optimization method. 

[0075] 	According to various embodiments, a computer readable medium may be 

provided and may include program instructions which when executed by a processor 
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cause the processor to perform a gesture recognition method, for example the gesture 

recognition method described with reference to FIG. 1B. 

[0076] 	According to various embodiments (which may be referred to as zSense), 

devices and methods may be provided which are capable of recognizing in-air close-

proximity gestures (shallow depth gestures) enabling extended interaction space for 

portable smart mobile devices. zSense may use non-linear spatial sampling (NSS), a 

technique derived from the principle of compressive sensing. Different ways to combine 

minimum number of non-focused IR (Infrared) sensors and IREDs (Infrared Emitting 

Diodes) may be provided to achieve non-linear sampling using spatial light modulation 

(SLM). A number of sensor-emitter combinations and their spatial arrangement may 

contribute to generate higher number of partially orthogonal readings from a set of a 

reduced number of sensors. Gesture recognition systems may be provided ranging from 

as low as single sensor to three sensors, or even more sensors. 

[0077] 	Various embodiments may provide high spatial efficiency: Various 

embodiments may work with minimal numbers of sensors/emitters in close spans. As 

such, sensitive space relative to the space required by the sensors/emitters may be larger. 

[0078] 	Various embodiments may provide low processing power: Due to 

compressive sensing principle and the use of a fewer sensors, zSense may require low 

signal processing power. 

[0079] 	Various embodiments may provide low energy consumption: Systems 

according to various embodiments may consume very low energy due to time-

multiplexed iterative activation (NSS) and the use of a fewer emitters. 
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[0080] 	Various embodiments may provide low cost: Systems according to various 

embodiments may have been designed using low-cost off-the-shelf components. 

[0081] 	According to various embodiments, a non-linear spatial sampling approach 

may be introduced for gesture recognition. According to various embodiments, a 

theoretical framework for zSense sensor module may be provided. According to various 

embodiments, a zSense sensor module may be provided and its performance may be 

validated through experiments. According to various embodiments, various spatial 

arrangements of zSense sensor modules and identifiable gestures may be investigated. 

According to various embodiments, zSense-enabled proof-of-concept applications may 

be provided. 

[0082] 	According to various embodiments, zSense may implement a gesture 

recognition system into devices with smaller form factors, low power and low signal 

processing capabilities. As such, zSense may be suitable for enabling gesture-based 

interactions on smaller devices (e.g. smart watches), wearable devices and other type of 

small-scale personal digital devices. 

[0083] 	According to various embodiments, zSense may utilize the compressive 

sensing concept to sense shallow depth finger-based gestures in an energy and space 

efficient manner. This may hold great importance for mobile applications since they are 

required to operate under low power and low processing capability. Most of the camera 

based (either 2D or depth cameras) recognition methods require higher processing 

capabilities and consume a lot of energy to illuminate the sensitive area. However, out of 

the huge set of data collected through such a system, only a small fraction may be 

necessary to detect the gestures. On a mobile device, it may be more desirable to perform 
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finger gestures, which spans in small area, than gestures such as hand waving etc. that 

requires larger spatial span. According to various embodiments, a camera based approach 

may be used to identify such small gestures results in both unnecessary data collection 

and processing. This may be due to the spatial sparse nature of gesture data. 

10084] 	FIG. 2 shows an illustration 200 of an example constellation of three receivers 

(for example sensors (S0,1,2) 204, 206, 208) and three emitters (for example IREDs 

(D0,1,2) 210, 212, 214) and the respective rays (r0,1,2) 216, 218, 220 emitted by each of 

the IREDs 210, 212, 214 according to various embodiments. 

100851 	According to various embodiments, the mathematical model for the given 

configuration may be derived and compared them with practical values. Like shown in 

FIG. 2, in an exemplary reference configuration of three IR emitting diodes (D0,1,2)  210, 

212, 214 and three photo diodes (S0,1,2) 204, 206, 206, and respective IR rays 216, 218, 

220 emitted by IREDs (r0,1,2) 210, 212, 214, receiving at the sensor 206 (SO), reflected 

from a target T 202 (for example a finger of a user). For the ease of calculations, it may 

be assumed that the system is provided in a plane, so that it can be assumed that all the y 

locations of D0,1,2, S0,1,2 and T are 0. Furthermore, if we arrange the Do and So to lie 

along the same y axis, with same x coordinates (xo), distance between Do and So is going 

to be canceled by the symmetry along y = 0 plane. Therefore, locations of D, S and T 

may be expressed using (x, z) coordinates alone. 

[0086] 	In the following, a received intensity model according to various 

embodiments will be described. 
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[0087] 	The received intensity at sensor Si due to the light emitted from Di and 

reflected from target T may be calculated. According to various embodiments, identical 

sensors and emitters may be used for all the i and j values, and thus, relative radiant 

intensity pattern of emitter D may be denoted to be Id(e), where 0 is the angular 

displacement from the normal direction to exiting angle of the ray r. Similarly, 

directionality of the sensor S can be expressed by Gs(f3) where fi is the angular 

displacement from the normal direction to incident angle of the ray r, like shown in 

illustrations 222 and 224 of FIG. 2. 

[0088] 	Using inverse-square law, a function for received intensity at a given sensor Si 

by a target T at (xt , zt) from a given emitter Di , fi,j (xt , zt ) may be derived as follows: 

id  (61  (t, ))43( t, i))  
(x t , zt ) — 

167r 2  (I1 Tpi 11 2 11 	11 2 ) 
(1) 

where O(t,j) may be the angle from the normal direction of the emitter Dj towards the 

direction of target T (i.e. (t,j) = tan- 
(xt-xj) 

 similarly, (t,i) is the angle towards the 
(zt-zj)' 

target T from sensor Si, and II • II represents Euclidean distance between two points in 

space. In this case, the target may be assumed to be radiating isotropically, and the 

Lambert's cosine coefficient may be ignored due to radial fall-off. 

[0089] 	According to various embodiments, an off the shelf IRED, Optek technologies 

OP293, with emission angle of half power at +300  may be used. Sensor used is Osram 

SFH2O3FA2  half sensitivity angle ±20°. The approximate normalized Id(0) and GA 

may be derived for emitter and sensor respectively, so that they fit to the graph given in 

the component data sheets: 
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1 	-02 

and 

id(61) = 9v-gr-e 162 

Gs  (Q)= 
1 + 

(2)  

(3)  
1 

/3 
 3 

20 

[0090] 	Combining equation 1 along with equation 2 and 3, the relative intensity 

received by any sensor, reflected from a given target location, sourced from a given 

emitter may be calculated. 

[0091] 	In the following, a spatial light modulator (SLM) according to various 

embodiments will be described. 

[0092] 	In general, in imaging or computer vision applications, the interested area may 

be well lit, equally illuminated and equally sampled, so that each region (depends on 

resolution) may have corresponding pixel measurements. For example when integrating a 

mobile device with 10 IREDs along with 10 ER photo-diodes, each 10mm spaced, this 

may provide a case of equally sampled 10cm distance with sensor-emitter density of 

1cm-1 making linear measurements. According to various embodiments, the sensor 

density may be reduced significantly using nonlinear measurement tactics. Spatial light 

modulation may be changing the spatial intensity of illumination according to the control 

signal. SLM may be achieved through either modulating the light source or the incident 

light at the sensor. 

[0093] 	Let's consider a case where there are m number of emitters, Dj for j=0,1,2, 

m-1 and n number of sensors, Si for i = 0, 1, 2, ..., n — 1. Form emitters, p number of 
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different on-off patterns are possible where p < 2' —1. These patterns can be represented 

in a p x m matrix A. 

 

	

A0,0 	'o,i 

	

A1,0 	A1,1 

Ap-1,1 

  

A= 

• 

(4) 

   

[0094] From equation 1, for each sensor-emitter combination, a received power intensity 

matrix with m x n dimensions F may be constructed: 

160951 	z) may represent the power intensity received by 	sensor due to the 

th  illumination by j emitter reflected due to a target at any (x, z) coordinates. 

[0096J 	Since the pattern matrix A and sensor-emitter cross power matrix F are 

calculated, now the measured variable matrix A, with dimensions and different variables 

p x n, may be obtained: 

A=AxF 	 (6) 

[0097] 	Therefore, A contains a linear integration of different ray components emitted 

by different emitters. Any member of A, a to may be expressed as: 

q,jfj,r (X, Z) 	 (7) aq„.(x, z) = 

 

j =0 

I8 

Rule 91 ( IPEA/AU) 
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[0098] 	In equation 7, ctg,r  (x, z) represents the power received by rth  sensor when Cith  

1RED pattern is active, and the target location is (x, z). 

[0099] 	In the following, a comparison with practical values will be described. 

[00100] This model may be used to model and visualize given sensor-emitter 

configuration and verify the design choices, such as space between sensors, and number 

of sensors. 

[00101] 	In order to demonstrate the theoretical model and its practical significance, the 

configuration shown in FIG. 2 may be considered. There are three sensors available, 

making n = 3. IREDs Di for i = 0, 1, 2 can create 23  — 1 resulting total of 7 patterns (i.e. 

p = 7). If all these patterns are considered, the measurement matrix A may be 7 x 3, 

resulting 21 total measurements per given (x, z) coordinates of the target. Furthermore, 

equations 2 and 3 may be used to generate an approximate model for the real life setup. 

Let's take the pattern matrix Ac  for this case as follows, 

-1 	0 0- 
0 	1 0 
1 	1 0 

A,= 0 	0 1 (8) 

1 	1 1 

[00102] Using Ac, F (equation 5) and emitter and sensor profile given in equations 2 

and 3 respectively, the resulting measurement matrix Ac may be calculated for a given 

target location. After adjusting parameters, spacing between sensor and emitter units 

(sensor and emitter are coupled to same location in the interested axis) along x axis may 

be selected to be 25mm and, keeping a target height at 50mm (i.e. zt = 50mm) and the 

Rule 91 ( IPEA/AU) 
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twenty one c values may be both measured theoretically using the model and 

empirically using a physical setup. In practical measurements, the configuration shown in 

FIG. 2 may be implemented and measured, and measurements for a target moving along 

x axis, in 5mm steps, at each step, may be collected. 100 measures may be averaged per 

location, to get the final measurement. 

[00103] FIG. 3 shows an illustration 300 of measurements, with a measured variable 

matrix A according to various embodiments. for configuration like shown in FIG. 2, 

shown separately for each sensor (column by column). Top row shows calculated profiles 

considering emitters as three normalized sources. Sensor-emitter units are spaced 25mm 

apart along x axis, and S1 aligned along x = 0. Bottom row shows measured intensity 

(ADC value) from three actual sources with same configuration and conditions. 

Throughout FIG. 3, lines 302 refer to "100", lines 304 refer to "010", lines 306 refer to 

"110", lines 308 refer to "001", lines 310 refer to "101", lines 312 refer to "011", and 

lines 314 refer to "111", wherein the first digit refers to the first emitter, the second digit 

refers to the second emitter, and the third digit refers to the third emitter, and "0" refers to 

"not emitting", and "1" refers to "emitting". For example, "111" refers to all emitters 

emitting; for example "010" refers to only the second emitter emitting. 

[00104] In other words, FIG. 3 shows both theoretically calculated (top row) and 

measured values (bottom row, separately for each sensor (columns), showing 

significantly similar variations as expected. In real data, an unbalance can be seen in the 

sensor profiles. This may be due to, unlike the theoretical calculations; system could have 

minor impurities, in physical setup, sensors (i.e. all the sensors could not be identical) and 

IRED manufacturing along with the electronics. 

20 



WO 20161089306 	 PCT/SG2015/050479 

[00105] FIG. 3 shows how columns of Ac (i. e. each curves in graph) get converged 

with x axis displacement of the target. When the curves get converged, identifying 

location gets difficult. Therefore, this mathematical model can be used as a design tool to 

estimate the parameters for different spatial configurations, such as to calculate 

appropriate distances between sensor-emitter units. Designers can select between 

different combinations of sensors according to the application requirements. In FIG. 3, 

one can observe that once target displacement exceeds 25mm, curves get extremely 

converged. This is span depends on the sensor directionality Gs and emitter relative 

radiant pattern Id. Therefore, this model is helpful to design the gesture sensitive area, 

according to once choice of sensors and emitters. Since we used the same sensor-emitter 

pair for out prototype, we chose 25mm to be the ideal sensor-emitter unit displacement 

after exploring different distances from calculated profiles. 

[00106] In this analysis, we only considered the linear arrangements of the sensors and 

emitters, however, concept still hold true for two dimensional arrangements and angular 

arrangements of sensors and emitters to create SLM. 

[00107] In the following, a hardware implementation according to various 

embodiments will be described. 

1001081 FIG. 4 shows a prototype hardware block diagram 400, and shows the block 

diagram of the zSense's electronics unit according to various embodiments. Emitters 418 

(for example IREDs) may be provided with a modulated pattern from a modulator 416. 

Receivers 402 (for example sensors) may be driven using a commonly available Arduino 

Pro Mini (16Mhz, 5V) microprocessor 404 to create the SLM, and the pattern may be 

modulated at 38kHz (for example generated by an oscillator 414) to reduce noise at 
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sensing stage. IR photo-diode input may be first amplified using current to voltage 

converting amplifier stage, using a simple operational amplifier (ST TL074 op-amp) 406 

and again amplified using a phase lock amplifying usage (using TL074 again) 408 to 

reduce background noise. This may significantly reduce noise from external sources 

(such as florescent lights). Experiments were carried directly under a florescent light 

sources, and effect was minimum. The system has been tested in- and outdoors and 

performances only reduced when directly exposed to sun. Microchip MCP3204, a 4-

channel analog to digital converter 410 may be used to convert the amplified signal (after 

passing through a low pass filter 412) to digital, and the amplified signal may be 

transmitted to the computer via micro controller 404 for classification stage. 

[00109] Sensor data may be acquired at 12k samples per second. Therefore, the SLM 

function may also operate at 12kHz. For each measurement set, 24 data points may be 

acquired (including all off conditions) and averaged 20 times to reduce noise and 

transmitted to host computer at 25 data sets per second. Therefore, actual throughput for 

the computer is at 25Hz. 

[00110] It will be understood that various components may be provided separately for 

each set of IRED and sensor, and that various components may be provided for joint use 

with a plurality of IREDs and sensors. Furthermore, it will be understood that FIG. 4 

shows two IREDs and two sensors, but any number of IREDs and sensors may be 

provided, and the number of IREDs may be different from the number of sensors. 

[00111] FIG. 5 shows an illustration 500 of an implemented prototype with interaction 

instances according to various embodiments. .502 illustrates using shallow depth on a 
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smart watch. 504 illustrates attaching sensors on a touch device. 506 illustrates three 

sensor-emitter modules. 508 illustrates modules with a controller. 

[00112] In the following, a software implementation according to various 

embodiments will be described. 

[00113] For classification, two Support Vector Machines (SVMs) and K-star algorithm 

may be employed. Initially, a single SVM was used to identify the finger location. Then, 

it was observed that identifying horizontal finger position and vertical finger position 

separately provided better results. Therefore, two SVMs were used to identify horizontal 

and vertical finger positions. Both SVMs had the following properties: Sequential 

Minimal Optimization, C=1.0, exponent= 2.0. 

[00114] Each dataset from the sensor is represented by a 21,8 and 3 point vectors for 3 

sensor 3 IRED, 2 sensor 2 IRED and 1 sensor 2 IRED configurations respectively. 

Furthermore, the derivatives of these points were inserted before a series of features was 

extracted for classification. Insertion of derivatives increased the accuracy of the 

classifiers. 

[00115] After identifying the finger location, a K-star classifier was used to recognize 

different gestures. It was evident that using K-star classifier produced significantly better 

results than using another SVM classifier. K-star classifier properties are 

entropicAutoB lend = false, glob alB lend=20 . 

[00116] Once these classifiers are trained, gesture classification may proceed in a real 

time fashion. 

[00117] In the following, experiments and results will be described. 
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[00118] FIG. 6 shows an illustration 600 of sensor constellations possible with number 

of sensors or emitters limited to 3 according to various embodiments. It will be 

understood that emitters are shown in white, and sensors are shown in black in FIG. 6. 

602 shows a one dimensional linear arrangement. 604 shows a two dimensional 

triangular arrangement. 606 shows a two-dimensional L shape arrangement. The 

arrangements of 602, 604, and 606 each include three sensors and three emitters, and thus 

may be referred to as 3S-3E configurations. 

[00119] 608 shows a one dimensional large displacement arrangement. 610 shows a 

one dimensional small displacement arrangements. The arrangements of 608 and 610 

each include two sensors and two emitters, and thus may be referred to as 2S-2E 

configurations. 

[00120] 612 shows a on dimensional angular arrangement, and 614 shows a one 

dimensional linear arrangement. The arrangements of 612 and 614 each include one 

sensor and two emitters, and thus may be referred to as 1S-2E configurations. 

[00121] FIG. 7A to FIG. 7D show illustrations of various gestures according to various 

embodiments. 

[00122] FIG. 7A shows an illustration 700 of three static poses (a pose 702 showing 

one finger, a pose 704 showing two fingers, and a pose 706 showing three fingers). 

[00123] FIG. 7B shows an illustration 708 of a dynamic pose (for example two fingers 

spreading and contracting (for example a cut gesture)). 

[00124] FIG. 7C shows an illustration 710 of four basic static pose paths, for example 

in a parallel, side view (for example a path 712 of swiping far, a path 714 of swiping 

close, path 716 of swiping diagonal, and a circular path 718). 
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[00125] FIG. 7D shows an illustration 720 of three angular variations (a parallel swipe 

722, a 45° angled swipe 724, and a 90° angled swipe 726) in the direction of static pose 

paths. 

[00126] Furthermore, according to various embodiments, for the four static pose paths, 

mirrored gestures may be considered. 

[00127] A series of studies was conducted in order to form clear opinions about the 

variety of applications enabled by the zSense, feasibility of zSense and the performance 

of the classification methodology. 

[00128] Methods according to various embodiments were evaluated to understand the 

accuracy of gestures recognized depending on the number of sensors used and the spatial 

configurations used. Furthermore, another goal of the study was to mix and match 

different gestures to different configurations, so that, in future, designers can use the 

findings of this paper as a key to create gesture interfaces using zSense. 

[00129] A pilot study was conducted using 3 participants in order to identify a suitable 

set of configurations and gestures for an extensive user study. It was compulsory to 

eliminate trivial cases due to high number of conditions (configurations x number of 

sensors), which will increase the time taken per user. Based on the performance of the 

pilot study, few trivial gestures and configurations were removed from the user study. For 

the pilot study, all 7 configurations as shown in FIG. 6 have been evaluated for all the 

gestures shown in the FIG. 7, resulting in 8 gestures for all 5 configurations, and 10 

gestures for triangular and L shape configurations, summing up to 60 combinations. Out 

of these, the configurations, which are similar to each other have been eliminated. 
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Reduced configurations set was, linear (3S3E), triangle (3S3E), angular (1S2E) with +30° 

variation. 

[00130] Gesture sets were specifically chosen to represent static poses, dynamic poses 

and pose paths. In addition to that, few gestures were chosen in order to compare the 

accuracies among different configurations. Furthermore a post-hoc analysis was used to 

determine the maximal gesture set size for each configuration. The swiping gestures were 

eliminated because they were consistently accurate during the pilot study and would be 

trivial to study extensively. 

[00131] In the following, a formal user study according to various embodiments will 

be described. 

[00132] 	12 participants were used in the study. All subjects completed tests in all 3 

different configurations. This group of 12 (11 males and a female with mean age 28.3) 

completed the study over two days. Each study was conducted in different time of the day, 

enabling us to distribute those runs over different environmental conditions (ex: humidity, 

temperature, physical condition of the user). 

[00133] The study was conducted in three separate sessions, studying each of the 

selected configurations in each session. For each configuration, a selected set of gestures 

was performed. The selection was done in a way, so that, cross validation between 

configurations and gesture will show the special capabilities of the configuration could be 

carried out. The order of the configurations and the gestures were randomized to 

eliminate bias. The duration of the entire experiment was between 30mins to 45mins 

(depending on the participant). 
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[00134] Before the start of the study, each participant was briefed about the gestures 

they have to perform during the study. Then they were asked to perform each gesture 

sequentially. During the training they were instructed to adjust their gestures in order to 

capture variations of the same gesture, which would be naturally acquired with the 

extended use. The experimenter captured 20 instances of each gesture. 

[00135] During each gesture, two previously developed SVM models were employed 

to identify the finger location of the participant and that location sequence was captured. 

Then a gesture classifier was developed using the K star algorithm. 

[00136] During the evaluation phase, participants were requested to perform each 

gesture 10 times in a random order. In the analysis, a gesture classifier (per-user) is used 

to classify those gestures and recorded all training and test data for post-hoc analysis. 

[00137] In the following, results according to various embodiments will be described. 

[00138] In the following, accuracy measures according to various embodiments will 

be described. 

[00139] Since a custom gesture classifier was used for gesture recognition, it produced 

a robust classification. However, the same two SVM models were used to identify the 

finger location during the gesture training and testing processes. This hints to the 

possibility of using a common gesture classifier. 

[00140] The accuracy for each gesture is measured using the number of correctly 

classified gestures of that type. Results showed that the accuracy for static poses 

exceeded 95%. Furthermore post-hoc analysis showed that a carefully selected set of 

gestures could improve the overall accuracy beyond 95%. In addition instances have been 

identified where the classifier failed to clearly distinguish between two gestures (e.g. in 
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linear configuration with 3 sensors and 3 LEDs: Left to Right swipe (close) and Left to 

Right diagonal swipe). 

[00141] In the following, between configuration evaluations will be described. 

[00142] FIG. 8 shows an illustration 800 of cross configuration evaluation results 

according to various embodiments. 

[00143] Two gestures (Two fingers spread and contract, Swipe diagonal) were tested 

for all three configurations in order to compare the accuracies among different 

configurations. The comparison is shown in FIG. 8. In the graph, it may be observed that 

the cut gesture accuracy becomes lower in the single sensor configuration. This is due to 

the measurement variation closer to the sensor is lower in single sensor configuration, 

compared to others. And the cut gesture may usually be performed at smaller spans. 

[00144] In the following, between gesture set comparison will be described. 

[00145] FIG. 9 shows an illustration 900 of accuracy variation with gesture set size 

according to various embodiments. Further analysis showed that the size of the gesture 

set has a significant effect on the accuracy. Accuracies with different sized gesture sets 

are shown in FIG. 9. 

[00146] In a first session, 3 IR sensors and 3 IR LEDs were used in a linear 

arrangement (like shown in FIG. 6). 9 gestures in this arrangement were tested: one 

finger, two fingers, three fingers, Two fingers spread and contract (cut), Left to Right 

Swipe (close), Left to Right Swipe (far), Left to Right Swipe (diagonal), Clockwise circle, 

Counterclockwise circle. This setup produced accuracy results 88.15% (SD=7.93%). 

Post-hoc analysis showed that the removal of Left to Right Swipe (close) gesture 
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increased accuracy to 91.04% (SD=5.92%). Further reduction in the gesture set increased 

the accuracy over 95%. 

[00147] In a second session, 3 IR sensors and 3 IR LEDs were used in a triangular 

arrangement (like shown in FIG. 6). In the previous study all the gestures were measured 

in a 2-d plane. In contrast this triangular configuration supported measurements in 3-d 

space. 7 gestures were selected in order to evaluate this configuration: one finger, two 

fingers, three fingers, 45° Angled swipe, 90° Angled swipe, Left to Right Swipe 

(diagonal), Two fingers spread and contract (cut). This setup performance was 91.55% 

(SD=4.69). Eliminating 90° angled swipe boosted the accuracy to 94.44% (SD=4.30). 

[00148] In a third session, an IR sensor and 2 IR LEDs (at an angle of 30o) were used 

in a linear arrangement (like shown in FIG. 6). Since only one sensor was employed, a 

reduced gesture set of five gestures was selected: one fmger, two fingers, Left to Right 

Swipe (diagonal), Two fingers spread and contract (cut), Right to Left Swipe (close). 

Initial performance of this configuration was 92.33% (SD=4.86%). Removal of two 

fingers spread and contract (cut) gesture increased the accuracy to 95.62%(SD=3.38%.). 

[00149] Most of the modern portable smart devices utilize a touch screen as the 

primary input mechanism along with the few functional buttons. For devices such as 

Smart Watches where the design is more integrated, the effective area available for 

interactions is significantly reduced, leading to critically limiting fat-finger problems and 

occlusion issues. Extending the interaction space with alternative interaction modalities 

could potentially solve this problem. Among these, free air gestures have been one of the 

leading frontiers. 
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[00150] Traditionally, gesture recognition has been developed with vision-based 

approaches, which consumes relatively high power since the detectable area has to be 

well lit (either using IR or visible light). Furthermore, since camera based systems have a 

minimum focusing distance, close-proximity (near the device) gestures are not 

recognizable. However, it is more desirable to perform gestures closer than far in a small 

devices. 

[00151] Non-camera based gesture recognition systems have been proposed to 

overcome these issues. An equally spaced non-focused IR sensor emitter array may be 

used along the edge of a smart phone as a solution to detect gestures. Linear sampling 

may be used, and high number of emitters, power consumption may still be much higher 

compared to zSense. In another approach, a much less number of emitters, however, the 

detectable number of gestures are much lower compared what zSense able to detect with 

much lesser number of sensor/emitter combinations. 

[00152] There are many other alternative gesture recognition approaches. One method 

is to use wearable markers. Markers can significantly reduce the processing overhead and 

the power ratings for camera based setups. Another approach may be to use a wearable 

small magnet. However, wearable markers could be undesirable for mobile settings. 

[00153] A further techniques such as time of flight based three-dimensional position 

finding as a viable and low power technique for gesture recognition may be used. 

However, this technique needs high processing power and fast data acquisition 

techniques. Furthermore, IR sensors may have to be setup in a minimum span from each 

other, which can be a restricting factor for smaller devices. 
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[00154] In contrast, zSense may be capable of recognizing in-air close-proximity 

gestures while consuming low processing power and energy, which may be an ideal 

solution for smaller, power scares mobile devices. 

[00155] According to various embodiments, in zSense, since the sensor density 

required to detect large area is much lower compared to traditional methods, it is ideal for 

mobile computing platforms. Furthermore, by selecting proper configurations of sensor-

emitter combinations, space required for sensing and illumination components can be 

reduced significantly. In various scenarios, a single sensor with two light emitters (co-

located) can accurately detect 5 different gestures. This type of small form factor gesture 

recognition systems are ideal for extremely integrated computing devices such as smart 

watches and wearable devices, where: 

[00156] a) Space required for setting the sensors system is limited; 

[00157] b) Power available to operate the system is limited; and/ or 

[00158] c) computational resources available in mobile platforms are limited. 

[00159] FIG. 10 shows an illustration 1000 of two application scenarios where zSense 

can be easily integrated and extend the interaction space of a smartphone 1002 and/ or a 

smart watch 1004 according to various embodiments. Since the IR emitters and sensors 

can be made relatively much smaller (than what we used in the prototype), at industrial 

scale, zSense sensor modules would be able to easily embedded into the gap between the 

screen and the edge of a smart phone 1002 or in the edge of a smart watch 1004. 

[00160] According to various embodiments, zSense may detect gestures in shaded 

outdoor areas. 
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[00161] According to various embodiments, with changing the power of emitters, the 

range may be increased. Directional sensors and optical components may be used to 

increase the detection quality. 

[00162] zSense may detect a default gesture set without having to train per user. 

[00163] According to various embodiments, user dependent training may be provided 

for more precise user specific gesture recognition. 

[00164] While the invention has been particularly shown and described with reference 

to specific embodiments, it should be understood by those skilled in the art that various 

changes in form and detail may be made therein without departing from the spirit and 

scope of the invention as defined by the appended claims. The scope of the invention is 

thus indicated by the appended claims and all changes which come within the meaning 

and range of equivalency of the claims are therefore intended to be embraced. 
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Claims 

What is claimed is: 

1. A gesture recognition device comprising: 

a plurality of emitters, each emitter configured to emit a signal; 

at least one receiver configured to receive signals emitted by the plurality of 

emitters; 

a controller configured to control the plurality of emitters to subsequently emit 

signals in a plurality of patterns, wherein the signals are emitted to a target location; 

wherein the plurality of patterns is equal to 2"' —1 different patterns; 

wherein "m" refers to the number of emitters in said plurality of emitters; 

wherein each pattern of the plurality of patterns include at least one signal emitted 

from one emitter of the plurality of emitters; 

wherein each of the at least one receiver is configured to receive signals in the 

plurality of patterns emitted to the target location; 

wherein the controller is configured to periodically repeat the plurality of patterns; 

and 

a gesture recognition circuit configured to determine a gesture of a user of the 

gesture recognition device based on the signals received by the at least one receiver. 

2. The gesture recognition device of claim 1, 
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wherein the plurality of emitters are provided in at least one of a plane, a 

triangular shape, a L-shape or on a line. 

3. The gesture recognition device of claim 2, 

wherein the gesture recognition device comprises the at least one receiver 

provided in a plane. 

4. The gesture recognition device of claim 1, 

wherein the plurality of emitters are provided facing at least one of a common 

direction or a pairwise angularly displaced direction. 

5. The gesture recognition device of claim 1, 

wherein the plurality of emitters comprises a plurality of infrared emitters or a 

plurality of ultrasonic sensors. 

6. The gesture recognition device of claim 5, 

wherein each of the plurality of infrared emitters is configured to emit infrared 

light. 

7. The gesture recognition device of claim 1, 

wherein each of the at least one receiver is configured to receive infrared light. 
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8. The gesture recognition device of claim 1, 



wherein each of the at least one receiver is configured to provide an electrical 

signal based on the signals received from the plurality of emitters. 

9. The gesture recognition device of claim 1, 

wherein the gesture recognition circuit is configured to classify gestures of the 

user into a plurality of classes. 

10. The gesture recognition device of claim 9, further comprising: 

a training circuit configured to train the gesture recognition circuit. 

11. A gesture recognition method comprising: 

a plurality of emitters each emitting a signal; 

receiving signals emitted by the plurality of emitters in at least one receiver; 

a controller controlling the plurality of emitters to subsequently emit signals in a 

plurality of patterns, wherein the signals are emitted to a target location; 

wherein the plurality of patterns is equal to 2'' —1 different patterns; 

wherein "m" refers to the number of emitters in said plurality of emitters; 

wherein each pattern of the plurality of patterns include at least one signal emitted 

from one emitter of the plurality of emitters; 

wherein each of the at least one receiver is configured to receive signals in the 

plurality of patterns emitted to the target location; 

wherein the controller periodically repeats the plurality of patterns; and 
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determining a gesture of a user of a gesture recognition device based on the 

signals received by the at least one receiver. 

12. The gesture recognition method of claim 11, 

wherein the plurality of emitters are provided in at least one of a plane, a 

triangular shape, a L-shape or on a line. 

13. The gesture recognition method of claim 12, 

receiving signals emitted by the plurality of emitters in the at least one receiver 

provided in a plane. 

14. The gesture recognition method of claim 11, 

wherein the plurality of emitters are provided facing at least one of a common 

direction or a pairwise angularly displaced direction. 

15. The gesture recognition method of claim 11, 

wherein the plurality of emitters comprises a plurality of infrared emitters or a 

plurality of ultrasonic sensors. 

16. The gesture recognition method of claim 15, 

wherein each of the plurality of infrared emitters emits infrared light. 

17. The gesture recognition method of claim 11, 
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wherein each of the at least one receiver receives infrared light. 

	

18. 	The gesture recognition method of claim 11, 

wherein each of the at least one receiver provides an electrical signal based on the 

signals received from the plurality of emitters. 

	

'19. 	The gesture recognition method of claim 11, further comprising: 

classifying gestures of the user into a plurality of classes. 

	

20. 	A non-transitory computer-readable medium including program instructions 

which when executed by a processor cause the processor to perform the gesture 

recognition method of claim 11. 
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