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ABSTRACT

     In this paper, the methodology for normal gait recognition and estimation is described. Normal gait recognition is derived on the basis of kinematics data of the human locomotion system. Measurements were carried out and the data was processed and statistically analyzed.

     The procedure was done on a group of twenty students. Kinematics data has been presented in phase plane. Sets of data in phase plane for the specific discrete moments in time were statistically processed using the Gaussian and Bootstrap methods.  Discrete moments are chosen according to specific gait phases of a gait cycle. Finally, as a result of statistical analysis, the gait quality index (GQI) is obtained for each gait phase.
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1. Introduction

     A very important aspect in the fundamental study of human gait is the investigation of the kinematics of human body segments. In the past, a wide variety of measurement systems joined by appropriate scientific investigation were developed.  It is difficult to determine when this investigation of the "harmony of movement" began.  Perhaps the first valuable data for scientific use was obtained by Muybridge in 1878.  He succeeded in developing photographic sequences of human motion. A report about these measurements was printed on October 18th 1878 in The Scientific American.

     The first pioneering work was a project conducted by H.D. Eberhart and V.T. Inman (1945-1947) entitled "Fundamental Studies of Human Locomotion and Other Information Relating to the Design of Artificial Limbs". This work was specifically related to problems in locomotion experienced by amputees.  It included comparisons with the gait of normal individuals, since normal locomotion was seen as a target for the amputee's locomotion training. The second project, "Gait Analysis in the Science of Rehabilitation", was conducted by J. R. Fensser and J. S. Peters and is still in development. The latest revised report is offered on the Internet [15]. The main goal of this work is to analyze and guide the clinician to find how the measurement data and related information can replace the approach commonly in use during the visual inspection of a client.

     In the meantime, very sophisticated measurement systems have been developed, such as Vicon, Optotrak, Ariel and Elite. They have become the standard instrumentations in gait laboratories and specialized clinics. These sophisticated systems introduced into scientific investigation of human locomotion have resulted in a higher quality of fundamental research and application in clinics. When we talk about clinic application, the work of the Rancho Los Amigo Medical Center provided significant contributions in the observation and gait analyses [1]. 

Many excellent books describing human locomotion have been generated from research done at gait laboratory centers [2][3][4][5].

     Where is the focus of current investigation of human locomotion?  What is the role of these findings in clinical application, and what do we expect from future investigation?  The purpose of today's investigation is to increase the quantity of information about gait.  It is necessary to find the optimal approach to obtain the best measure of human gait quality and to make it easy and inexpensive to apply this knowledge in clinics.  In this context, the simulation and visualization of human gait is expected to become a common aid for clinical application.  Also an inexpensive standard intelligent measurement system suitable for electronic communication has to be developed.  It is expected that this system, once developed, will become the standard equipment, replacing the equipment currently in use in specialized clinics and gait laboratories.

*********************************************************************

     With these things in mind, this paper will present methodology that gives more information about the kinematics of normal gait and suggests the form the information must take to be suitable for electronic communication. The information about gait quality can be simplified into the number Gait Quality Index, which will be explained later.

     The methodology developed and presented in this paper is based on phase plane interpretation of human locomotion kinematics. It introduces the speed and angle simultaneously as information about quality of normal gait mechanism.  This data as discrete events in phase plane have been statistically processed.

     Finally, the methodology that is suggested as fundamental in qualification of normal human gait is also applicable to many wider technical applications, particularly in robotics [6][7].

*********************************************************************

2. EUCLIDE NORM AND PHASE PLANE PRESENTATION OF   KINEMATIC DATA

     Generally, a norm is a single number which gives an overall measure of the size of a vector, a matrix, a signal or a system. The most commonly used norm is the Euclide Vector Norm [3]. The Euclide norm of a particular vector X in N-dimensional space is the inner product:
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Generally, an orthonormal basis is understood, so that Eq. (1) is usually interpreted as
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Vector x is n-dimensional vector in n-dimensional Euclide space. It can also be presented using notation R(n) or Rn . Further, we shall consider the R2 Euclide inner-product space. In an inner-product space, the distance between two vectors is defined as
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Suppose we consider the distance between vectors in R2. Let s have coordinates s1 and s2 in some orthonormal basis, and let r be the distance between x and s. In other words,
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Clearly, Eq. (4) defines a circle of radius r centered at (s1,s2). Fig. 1 gives a graphical interpretation of Eq. (4).

     The graphical interpretation of differences between two vectors x and s, will be fundamental in the definition of human locomotion norm.

     Experimentally obtained human locomotion kinematics data forms non-stationary ensemble that mean that its probability density function is a function of time. According to this, we can write an equation
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in which 
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 is the probability density function of s1 at time t1.

Classical Approach

      Today, in many gait laboratories [5][10] the classical interpretation of non-stationary ensembles of human locomotion kinematics is in use. An example of such an interpretation is given in Figure 2. The shaded area denotes the upper and lower standard deviation of the ensemble average data. Two solid drawn functions represent measured hip angles for left and right leg. Positive angles on the y – axes represent hip flexion while negative angles represent hip extension. 
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Figure 1.

Graphical interpretation of the Euclide norm.
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Figure 2.

Angular kinematics plotted as function of the gait cycle (Example from GaitLab-Klinik fur PM&R, Wien)

     The time presented on the graphs (x – axes) is normalized time corresponding to the percentage of the gait cycle (t = 0 – 0% gait cycle; t = tmax – 100% gait cycle), where the gait cycle begins with an initial contact gait phase. Joint angles graphs also include knee and ankle angle graphs.

Normative Planes and Gait Quality Index (GQI)

     To introduce the normative plane as a measure of normal locomotion, we have to visualize the data in phase plane.

     The visualization of two ensembles that are the result of the same experiment is done. The first ensemble presents joint angle displacement as a function of normalized time. The second ensemble presents joint angular velocity as a function of time obtained after numerical processing of the first ensemble. In the case of statistically independent ensembles with bivariate normal (Gaussian) distribution, the area with total probability Kp that trial result measured at time t1 is within area borders (Eq. 6)
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For the ensembles with normal (Gaussian) distribution, the area is an ellipse [14].  The center of the ellipse is at S(
[image: image10.wmf]2

1

x

,

x

), where 
[image: image11.wmf]1

x

and 
[image: image12.wmf]2

x

are mean values of the angle ensemble values measured at time t1 and angle velocity ensemble values also measured at time t1. But, because for a given instant of time t1, the angular velocity 
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both mathematically and numerically, Equation 6 becomes:
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The area is again an ellipse, but rotated. The rotation angle depends on the covariance matrix between the angle and angle-velocity ensembles. We suggest an ellipse as the plane of normal gait. In this case, the points inside its boundaries represent normal gait values. According to this, we are introducing a Gait Quality Index (GQI) as the ratio of distance 
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 and distance 
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 (Fig. 3.):
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where 

S - ensemble average for a particular gait phase

T – a measured value for particular person

M – the point on the intersection of the ellipse and the line connecting S(
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- the distance between point S and point T
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- the distance between point S and point M on the ellipse boundary closest to point T.

Figure 3 presents an ellipse with independent ensembles, so the rotation angle is 0(.

     The chosen probability factor is Kp = 0.8 (80%). This factor is chosen after data observation for the presented cases (20 students) and comparison of a number of measured points included in ellipse areas for different probability factors. We have no intention to declare this factor as final and unchangeable.

     The covariance matrix and probability areas for each gait phase are calculated and plotted using MATHEMATICA software package (Wolfram Research). 

The probability distribution of data in phase plane will be done according to the Gaussian distribution and Bootstrap method.

3. EXAMPLE OF NORMAL GAIT DEFINITION

The whole procedure is described on the flow chart. Now, we will describe each step in detail. 
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Flow chart of the normal gait definition procedure

3.1. Measurements of Kinematics Data by Camera-PC System (Step 1)

     Gait kinematics measurement was done using commercial cameras in the laboratory. A population of twenty randomly chosen students, each with markers attached to their right leg, was used for obtaining statistical analysis data (Fig. 4).
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Figure 4. Laboratory Measurement. Markers were attached to the shoulder, hip, knee, ankle and fifth metatarsal of each subject.

3.2. Forming Matrix with Marker coordinates Raw Data (Step 2)

     Using the appropriate software [16], raw marker coordinates data was obtained from the video frames and saved in the form of a matrix. This matrix is in the form suitable for further data processing using the MATLAB software package (The Math Works Inc.).

3.3. Data Filtering (DFT) and Angles Derivation (Step 3)

     Data filtering was done using Discrete Fourier Transformation [11]. The cut-off frequency was set to 7th harmonic, which is enough for normal walking speed [12]. Marker velocity at the ith interval of time was calculated according to the equation vi = (xi+1-xi-1)/2T, where xi+1 and xi-1 are the coordinates at the (i+1)th and (i-1)th intervals and T is the sampling interval.

3.4. Graphical Interpretation of Data (Step 4)

     Five gait phases (gait cycle events) were chosen for the observation: initial contact (F1), loading response (F2), terminal stance (F3), mid swing (F4), terminal swing (F5) (Figure 5). Data is presented in the phase plane ie. x – axes on the plots presents angle value and y – axes presents angle velocity value. In figures 6.a-d. are presented calculated hip angles and phase plane plots for one (6.a., 6.c.) and all twenty subjects (6.b., 6.d.). Figure 6.e. presents angle and angle velocity value of the gait phases described in Fig.5. for one subject.
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Figure 5.  Five observed gait phases
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Figure 6.a. (1(t) - one subject
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Figure 6. b. (1(t) - 20 subjects
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Figure 6.c. Phase plane for angle (1 (hip)

(angle-angle velocity) – one subject
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Figure 6.d. Phase plane for angle (1 (hip) - 20 subjects
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Figure 6.e. 5 Dominant gait points (hip) (angle-angle velocity) – one subject
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Figure 6.f. Expected areas for all 5 dominant gait points (hip angle) (angle-angle velocity)

3.5. Statistical Processing (Step 5)

     After obtaining phase plane trajectories for hip, knee and ankle angles, statistical processing was done and normative planes were calculated. Normative planes were obtained according to the Gaussian distribution of the data. Because of the relatively small sample (20 persons), the results had to be tested. Additional analysis was done using the Bootstrap method. The Bootstrap method [13] was chosen because it yields more accurate results for the statistical processing of small sets of experimental data than does the Gaussian approximation. The Bootstrap does with a computer what the experimenter would do in practice, if it were possible. The observations were randomly reassigned, and the estimates recomputed. These assignments and re-computations were done 1000 times and treated as repeated experiments. Comparison of the results obtained with data processed by the Bootstrap method and using the original set of data is presented in Table 1.


Original data
Bootstrap data

PHASE
S(x,y)
Covariance matrix
S(x,y)
Covariance matrix

1. INITIAL

CONTACT
(18.84,-35.55)
[(9.1284,12.4052),

(12.4052,920.545)]
(18.85,-35.53)
[(8.69648,11.8215),

(11.8215,873.749)]

2. LOADING RESPONSE
(10.53,-74)
[(18.5574,-12.5312),

(-12.5312,751.041)]
(10.53,-74.03)
[(17.533,-11.9529),

(-11.9529,713.759)

3. TERMINAL STANCE
(-10.86,-37.37)
[(20.7049,-78.9191),

(-78.9191,1443.11)]
(-10.78,-37.93)
[(19.9632,-76.068),

(-76.068,1339.24)]

4. MID SWING
(4.43,163.58)
[(34.5457,-131.093),

(-131.093,1547.99)]
(4.41,163.45)
[(33.0765,-122.881),

(-122.881,1449.23)]

5. TERMINAL  SWING
(20.53,-0.61)
[(6.33412,-13.3331),

(-13.3331,1148.66)]
(20.56,-0.41)
[(6.01937,-12.2819),

(-12.2819,1091.81)]

Table 1.

Ellipse centers (S) and covariance matrix obtained by processing only original data set and after processing with the Bootstrap method.

3.6. Normative Planes and GQI (Step 6)

     Final normative planes for hip, knee and ankle are presented in the corresponding graphs. In Fig. 6.f. the hip graph with normative planes are shown. These planes were calculated using Gaussian distribution (Fig.7). Separate graphs for each particular phase is given in the Appendix A.
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Figure 7. Probability distribution for the initial contact phase

     Also, normal area comparison between original and bootstrap processed data is given in Appendix A.

4. CLINICAL APPLICATION

     Patterns are suggested for clinical application. For the five dominant gait phases, the therapist will have available five normalized maps for each observed angle – hip, knee and ankle. 

     Five observed gait phases are already presented in Fig.5, and five normative maps for hip angle are given in Appendix A. In the Appendix, ellipses obtained by Gaussian distribution are presented.


     Clinical routine is illustrated in a case example (Fig.8): Hip kinematics in initial contact (H-F1). After measurements and data processing, the data point T, for a patient is obtained. Point T is drawn into map H-F1 and connected with a line to the point S. By measuring the distances 
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 and 
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 , the GQI is calculated: 
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As the GQI > 1, the locomotion is not normal.     

5. CONCLUSION

     As already mentioned, the standard graphs in which joint displacements are plotted against time do not provide enough information about system kinematics and normality of the locomotion. Presentation of human locomotion joint kinematics using phase plane portraits provides more information of the joint kinematics and also gives more accurate gait quality estimation. The norm planes simplify the diagnosis for the particular person. Comparison of the results obtained by using the Gaussian method and the Bootstrap method has shown high correlation. The Bootstrap method, as the method for small sample sets, is more conductive for the development of normative patterns for specific kind of population (age, sex, height, etc.). This method could be useful because there is still no available large referent gait database [17] due to measurement equipment standardization problems and existing and unavoidable differences between population groups.

     This new approach provides an improvement compared to the classical approach regarding better data visualization and easier gait normality decisions. The measure of quality is reduced to a simple number. The exchange of data between distant Gait Analysis Centers in Europe becomes easier. Although the suggested new approach is easy to read and gives more information, this doesn’t mean that traditional graphs should be abandoned. We suggest using the new approach and the traditional approach together until the new method proves its reliability and usefulness.
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APPENDIX A:

Normative gait planes for hip and comparison with Bootstrap processed data
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Solid line: original data; Dashed line: bootstrap data
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Solid line: original data; Dashed line: bootstrap data
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Solid line: original data; Dashed line: bootstrap data
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Solid line: original data; Dashed line: bootstrap data
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Solid line: original data; Dashed line: bootstrap data
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Figure 8. Hip angle in initial contact phase (H-F1)
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Figure 3. Ellipse as characteristic area (rotation angle = 0º)











(2) Forming matrix with marker coordinates raw data





(1) Measurements of kinematics data by Camera-PC system








(3) Data filtering (DFT) and angles derivation








(4) Graphical interpretation of data for 20 persons in 5 events (gait phases)





(5) Statistical processing





(6) Normative planes and GQI
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