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ABSTRACT

Many studies on human walking pattern assume that adult gait is characterized by

bilateral symmetrical behavior. It is well understood that maintaining symmetry in

walking patterns increases energetic efficiency. We present a framework to provide a

quantitative assessment of human walking patterns, especially assessments related to

symmetric and asymmetric gait patterns purely based on glide reflection. A Gliding

symmetry score is calculated from the data obtained from Motion Capture(MoCap)

system. Six primary joints (Shoulder, Elbow, Palm, Hip, Knee, Foot) are considered

for this study. Two different abnormalities were chosen and studied carefully. All

the two gaits were mimicked in controlled environment. The framework proposed

clearly showed that it could distinguish the abnormal gaits from the ordinary walking

patterns. This framework can be widely used by the doctors and physical therapists

for kinematics analysis, bio-mechanics, motion capture research, sports medicine and

physical therapy, including human gait analysis and injury rehabilitation.
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Chapter 1

INTRODUCTION

Gait analysis is quite a long-studied topic with many tools and methodologies which

are both mathematically advanced and practically useful for practitioners. In a very

general sense there has always been a trade-o� between required accuracy and algo-

rithmic simplicity while using methods in gait analysis. Accuracy can be achieved

through more sophisticated algorithms, but many such approaches limit the utility of

systems to o�ine or post-hoc analysis. There is a signi�cant need to develop methods

that can provide real-time feedback on movement qualities, which can be used for the

purposes of re-training. Examples of feedback approaches include visual, sonic, or

haptic feedback. In this thesis, we explore the notion of space-time symmetries in

human walking, and propose mathematically well-grounded approaches for quanti�-

cation of the said symmetries, while also operating at or near real-time, such that

this can be used in real-time feedback systems.

Gait is a way in which we move our whole body from one point to another. Most

often this is done by Walking, running etc. Gait analysis is a method used to assess

the way we walk to highlight biomechanical abnormalities. It is important for one

to e�ciently move around to avoid injuries that can a�ect kinetics and Kinematics

of the walking system. If due to any injury or a disease, the range of motion in any

joint is limited, the body then �nds another optimal way of moving resulting in the

biomechanical abnormalities in Humans. Gait analysis is performed by a professional,

such as Physiotherapist for analyzing the abnormality present in the patient. Even

today there are many clinical environment where gait abnormalities are found by

either watching the patient walk across the pathway or video record the patient while

1



they walk on a treadmill and analyze based on freeze frames of the video. These days

there is a widespread demand for such systems in the �eld of sports. They train to

have a more symmetric pattern in their movements. Many sports shops are now using

the equipment and sta� trained in gait analysis. Most gait analysis usually involves

walking or running on treadmill or over-ground followed by detailed analysis based

on the equipment used.

The more energy e�cient walking patterns is usually the symmetric. Let us con-

sider the trajectories of a palm in healthy humans while they are waking. Clearly the

trajectory of left palm is spatially symmetric with the trajectory of right palm over

di�erent time windows. The main idea of this thesis work is to present a framework

that can quantify the asymmetry between the two gait cycles using the whole trajec-

tories of corresponding joints and investigate if these features demonstrate adequate

sensitivity for various abnormal gait analysis.

Let us consider the patterns of a palm in healthy humans while they are waking.

When we try to understand it, our brain analyses the 
ow of your left palm to be

symmetric with the right palm. Clearly the left palm is spatially symmetric over

di�erent time windows. It is also intuitive to understand that maintaining such

symmetry during walking helps maintain the balance and increase energy e�ciency.

When we observe a person with injury that inhibits the movement of one side of the

body, we are able to understand that he/she has abnormality in one side, since he/she

will not be able to maintain symmetry in their walking style. The main idea of this

thesis work is to present a framework that can quantify the asymmetry between the

two gait cycles using the whole trajectories of corresponding joints and investigate if

these features demonstrate adequate sensitivity for various abnormal gait analysis.
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1.1 Background

1.1.1 Glide Re
ection

In mathematics, we are aware of a�ne transformations like Rotation, Translation,

Re
ection, Scaling. However in real life scenarios, it is di�cult to consider a few

patterns as in Figure 1.1 to be symmetric in some sense. Our brain perceives such

patterns to be symmetric and soothing and there lies a challenge to use the simple

transformation available to mathematically de�ne such symmetries. These patterns

show what is usually referred to as Glide re
ection symmetry.

Figure 1.1: Examples of glide re
ection symmetry.

For better understanding let us consider Figure 1.2, �ABC in red is a triangle

in R2. � A0B 0C0 can be constructed from �ABC using a simple re
ection transfor-

mation about the line shown. Similarly � A"B"C" in blue can be constructed from

� A0B 0C0 using a simple translation transformation. When we combine both the two

transformations we can traverse from �ABC to A"B"C" and such transformation

is referred to as Glide re
ection transformation. Glide re
ection symmetry detection

based on feature point matching was proposed in Lee and Liu (2012). Feature points

are found in sub-images using canny edge detector followed by SIFT descriptor. Re-
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ection axis � axis and translation Tij are found separately and then combined to �nd

the glide re
ection. In our approach we use a similar technique to achieve the glide

re
ection for the whole trajectory.

Figure 1.2: Demonstration of Glide re
ection Symmetry.

1.1.2 Gait analysis

Now, We consider one left gait cycle starting from heel strike of left foot to the next

heel strike of the same left foot. For better understanding let us consider Figure1.3.

We can consider one complete left gait cycle starting from heel strike att1 to the

next heel strike at t3. We can also refer to one complete left gait cycle starting from

toe-o� at t2 to the next toe-o� at t4. There are many other features of a gait cycle

that can be considered such as upper body movement, twists in the torso and many

more. However, we shall limit our work to the six main joints in our body: Shoulder,
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Elbow, Palm, Hip, Knee, Foot. We de�ne symmetry based on the relative positions

of the feature points of every joint. Let us consider all the feature points of the foot

we have as shown in Figure1.3. We can compare the left gait cycle starting from the

heel-strike at t1 to toe-o� at t2 with the right gait cycle starting from the heel-strike

at t2 to toe-o� at t3 by translating the feature set of left gait cycle in time by (t2 � t1)

and then re
ecting it about the median plane of the body. Analysis can also be based

on stance phase and swing phase of the gait cycle. However we will stick to one

complete gait cycle as discussed. More about the temporal glide will be discussed in

later section.

Figure 1.3: Demonstration of Glide re
ection Symmetry.

1.1.3 Symmetry Index

Spatiotemporal parameters of a gait are usually compared using few ratios. Spa-

tio temporal characteristics include step length, step duration, stance phase, load

response, single support, pre-swing and swing phase. In B la_zkiewiczet al. (2014)

there are four important symmetry indices that are compared with a simple assump-

tion made about the ratio of respective parameters.WithX r and X l being the feature

of right and left joints where features can be stride length, single limb support etc.

It is assumed thatX r � X l . This assumption is useful to force the ratioX r
�

X l � 0.

Here three symmetry indices namely: Ratio Index (RI), Symmetry Index (SI) and

Gait asymmetry (GA) are considered. Ratio Index (RI): This factor helps us identify
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the variable that has higher value causing asymmetry. The RI value greater than

100% indicates the asymmetry. This is a very good index that can be used to identify

the side in which asymmetry is caused in people with disability. The equation used

for �nding RI is given by

RatioIndex (RI ) =
�

1 �
X R

X L

�
� 100% (1.1)

Symmetry Index (SI): This re
ects the di�erences between kinetics and kinematic

properties of any gait. This is the most commonly used and most cited index for gait

assessment. SI is given by

SymmetryIndex(SI ) = 2
� X L � X R

X L + X R

�
� 100% (1.2)

Gait Asymmetry is the logarithmic transform of RI and is commonly used for com-

paring time of di�erent phases in the gait. GA � 100% indicates asymmetry. It is

given by:

GaitAsymmetryIndex (GA) = ln
� X R

X L

�
� 100% (1.3)

GGA or global gait assymetry index Cabralet al. (2016) was computed using three

dimensional joint angles of the hip, knee, ankle, trunk in relation to pelvis angles.

In this approach the right and left gait cycles are normalised to have 101 equally

distributed samples for every gait cycle. GGA is then computed as:

GGA =
v15X

v= v1

vu
u
t

t101X

t= t1

�
x l (t) � xr (t)

� 2

(1.4)

Restricting the number of data samples is undesirable in most cases. All the above

indices were compared in B la_zkiewiczet al. (2014). However, when we see the param-

eters chosen to evaluate symmetry, it does not consider the irregularities happening

inside the gait cycle. These indices can be used to �nd the side of the body that is
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a�ected. A more robust and mathematical approach is in order for gait assessment

and this thesis work tries to bring forth one such framework.

Gait symmetry is usually assessed based on stride length, velocity pro�les, step

length, single limb support, trunk movement patterns, accelerometers based balance

evaluation and ground reaction forces. The use of triaxial accelerometers with other

sensors has become more common since it is easily adoptable both in clinical envi-

ronments and homes or elsewhere of patients interest. iGAIT is a software package

available in MATLAB and uses accelerometer data. Symmetry can then be derived

into a simple text �le. Yang et al. (2012) gives a detailed description of the software

package. A smartphone in which tri-axial accelerometers was attached to the back

of the participants and the data was collected to analyze their gaits. In Yanget al.

(2010) 21 gait features were extracted from the data collected from Complex Regional

Pain Syndrome(CRPS) and based on SNR(Signal to Noise ratio) ranking, few fea-

tures were given as an input to a multi-layer neural network and were able to achieve

around 97 accuracy in discriminating the CRPS patients. Electronic pathways have

also gained considerable interest with the availability of transportable walkways and

descent costs. Initially the variables like the step length were assessed manually.

The patient was asked to cross a grid patterned walkway. The observer or physician

walked behind the patient calling out heel strike location from the grid into a tape

recorder. This methodology was then improved by having a soft heel counters with

dye �xed at the feet. And readable marks on paper walkways were used for anal-

ysis. These time consuming methods were then replaced with electronic pathways

that can record the position and time of foot strike and take o�. Companies like

GAITRite systems provide these devices at a�ordable prices. Ground reaction forces

acting on foot during standing or walking are measured using force plates. They give

us the force vector: vertical and two other loads acting on the surface of the plate
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surface. Vaverkaet al. (2015) proposes a kinetic analysis based on the assessment of

the ground reaction forces (GRF) recorded on two force plates during the stand phase

of both left and right gait cycles. Initial contact is considered when the vertical GRF

exceeds 5% of the body weight and toe-o� is considered as the instant when the verti-

cal component of GRF goes below 5% of the body weight. A symmetry index is then

computed using force-time variables and other symmetry index available. Motion

analysis based on 3D camera system like opti-track system are also gaining interest

for research work. A set of 9 or more cameras are calibrated to understand their

relative positions among each other and with respect to ground. Re
ective markers

are placed on the subject and then the body is tracked as the subject moves around

on the stage. Zhanget al. (2011) uses one such system for walking pattern analysis.

They propose a fourteen-linkage model for optimal analysis. Our thesis work uses a

similar model but with small changes. In the proposed methodology, they use mo-

tion capture system in conjunction with tri-axial accelerometer unit along with all

other markers. Various features are extracted from the data and e�ect of aging on

cycle stability is studied. This paper used Dynamic Time Warping to calculate the

similarity, which is a method for 
exible pattern-matching algorithm.

The main contributions in this thesis work is to compare three optimal methods

and �nally conclude on the framework which can be used to optimally distinguish

abnormal gaits from normal walking patterns. We also try to minimize the use

of various mechanical devices on the subject and use simple re
ective markers on

subjects to track the joints of interest.
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Chapter 2

OVERVIEW OF PROPOSED MATHEMATICAL FRAMEWORK

This chapter details the steps involved in building the framework. There are many

multivariate algorithms that combine non-optical data such as electromyographic,

kinematics data with optical data for achieving high accuracy. We intend to use only

the 3D position data of six main joints: Shoulder, Elbow, Palm, Hip, Knee, Foot.

Finding asymmetry in the joints involves four stages: (1) capturing and normaliz-

ing the data collected from the Motion Capture system like the opti-track systems,

(2)segmenting each left and right gaits, (3)�nding the sagittal or the median plane

to divide the body into left half and right half of the body, (4)re
ecting the left gait

about the plane of symmetry and �nding the symmetry scores over time. In the

subsequent sections we will be discussing each stage in detail

2.1 Fourteen Linkage model and Pre-processing of data

A good human model for a gait analysis should be simple, but must also capture

the most important features of most of the walkers if not all. We have used the

Fourteen Linkage model Zhanget al. (2011) shown in the �gure 2.1 wherepi is the

marker placed on the body. We do not consider the markersp2; p4; p1; p3 as they

give details about the whole structure of the foot. We consider the whole foot using

a single marker. We can use multiple markers to de�ne a joint for better analysis.

However since this work mainly aims at building a prototype, we stick to a more basic

model as explained earlier/ Figure 2.2 shows us the trajectory of palm and foot over

time as the subject moves around the stage. Our framework tries to use only the 3D

positions of the joints.We export the data into a csv �le and at this stage we have a
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continuous data stream that needs to be normalized and segmented into gait cycles.

At this stage we have raw data that needs some preprocessing before we can evaluate

the symmetry. The next stage speaks about data preprocessing.

Figure 2.1: Fourteen Linkage Model taken fromm Zhanget al. (2011)

2.2 Data Preprocessing

Data preprocessing is a critical issue for data analysis, as real-world data tend

to be incomplete, noisy, and inconsistent. Motion capture system might not be able

10



Figure 2.2: Motion capture data. Seven selected video frames of a walk sequence

contain 3D coordinates of each joint in time. The red and blue lines track trajectories

of hands and feet. Sinhaet al. (2013)

to capture the 3D positions of any marker always which leads us to have a data

preprocessing stage which involves interpolation. Although numerous methods of

data preprocessing have been developed, data preprocessing remains an active area

of research, due to the huge amount inconsistent or dirty data and the complexity

of the problem. Data preprocessing includes data cleaning, data integration, data

transformation, and data reduction. Figure 2.3 shows us the trajectory of left foot

along Y-axis and green '+' signs indicate the interpolated data for the missing data

points along the trajectory of the raw data indicated by red lines. Many interpolation

methods could be used, such as nearest neighbor interpolation, linear interpolation,

cubic spline interpolation, piecewise cubic Hermite interpolation and N-th degree
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