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Abstract 

With the adoption of Global Navigation Satellite Systems in smart phones, soldier 

equipment, and emergency responder navigation systems users have realized the 

usefulness of low cost Personal Navigation Systems.  The state-of-the-art Personal 

Navigation System is a unit that fuses information based on external references with a 

low cost IMU.   

Due to the size, weight, power, and cost constraints imposed on a pedestrian navigation 

systems as well as current IMU performance limitations, the gyroscopes used to 

determine heading exhibit significant drift limiting the performance of the navigation 

system.  

In this thesis biomechanical signals are used to predict the onset of pedestrian turning 

motion. Experimental data from eight subjects captured in a gait laboratory using a Vicon 

motion tracking unit is used for validation. The analysis of experimental data shows the 

heading computed by turn prediction augmented integration is more accurate than open 

loop gyro integration alone. 
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1. IntroductionEquation Chapter 1 Section 0 

 

Personal navigation systems are devices carried or worn by individuals to provide an estimate of their 

navigation state vector. The navigation state vector consists of the user’s position, velocity and attitude or a 

subset of these quantities. With the invention and public adoption of Global Navigation Satellite Systems 

(GNSS), low cost personal navigation systems have given individuals the ability to know their position to 

within meters provided they have access to the open sky.  For personal navigation applications that require 

operation indoors or where the quality of the GNSS signal is degraded, however, an alternative means of 

navigation must be used.  One such scenario is depicted in Figure 1 [11] which shows the case of a first-

responder entering a building during an emergency.  The first-responder starts navigating outside the building 

(point A) where GNSS signals are available.  Upon entering the building (point B) the ability to navigate 

visually is lost perhaps due to smoke or fire.  GNSS signals are also lost.  From this point on until reaching 

the destination (point C) a non-GNSS navigation system must be used.   
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Figure 1-1.  Scenario requiring non-GNSS indoor navigation capability (First responder navigation). 

The challenge depicted in Figure 1 has been the impetus, in part, to develop methods that utilize alternate 

means of navigation to augment GNSS in personal navigation systems.  Most of these systems identified as 

solution for this problem make use of low cost MEMS rate gyros and accelerometers integrated into an 

Inertial Measurement Unit (IMU). Their small size, weight and power consumption make IMU attractive for 

this application.  The IMUs are used to implement a dead reckoning solution.  This involves initializing the 

system from previous navigation state information when aiding information was available and numerically 

integrating the acceleration and angular rate measurements from the IMU to update the estimate of the 

navigation state vector.  Because locating an IMU on the foot or the small of the back (lumbar region) results 

in a simpler and more secure installation, many of the IMU-based dead reckoning (DR) solutions for personal 

navigation tend to use this installation architecture. 

 

Given the current state of the art low cost commercial grade IMU stand-alone dead reckoning is not possible 

because when the large sensor output errors are integrated numerically they lead to a significant accumulation 

of navigation error.  To deal with this issue, numerous methods to aid the dead reckoning solution have been 
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proposed.  These aiding methods include using zero velocity updates or ZUPTs for foot mounted IMUs [3]; 

using magnetometers to measure attitude relative to the earth’s magnetic field [13]; using Wi-Fi or RFID 

signals for range measurements [7]; vision aiding [4]; stride length estimation using gait models [9]; and 

motion classification algorithms [10].  Each of these methods has merit, but also has drawbacks associated 

with its use. The work in this paper deals with improving the heading solution of systems which use foot-

mounted IMUs aided by ZUPTs. 

 

 

Figure 1-2.  Actual heading change vs. erroneous (apparent) heading change. 

 

1.1 MOTIVATION 

Regardless of what part of the body the IMU is installed on or what aiding sensor is chosen most IMU-based 

systems make use of some form ZUPTs.  This allows the DR system, without any additional sensors, to 

estimate velocity error directly.  It also allows indirect estimation of roll and pitch errors which affect the 

resolution of the accelerometers’ measurement of the gravity vector in the IMU frame.  However these zero 

velocity updates do not allow the navigation system to observe any information about the rotation about the 

heading axis—the axis aligned with the gravity vector and perpendicular to the ground below the foot [3]. 

This leads to heading errors which grow over time.  For example, a user walking in a straight line would 

observe that the DR system is indicating continuous heading change as shown in Figure 2 (i.e., the true 

heading should be zero in this case but the DR system computes a non-zero value which continues to grow 

with time).  In order to improve the dead reckoning solution, more information about the heading error and 

heading change during walking motion is needed.  Such a method would be complementary to the zero 

velocity update information. 

In view of the discussion above, this paper attempts to answer the following question:  In addition to the fact 

that the foot has a zero velocity at the end of each step (i.e. ZUPTs) are there other biomechanical signature 

of human gait that can be measured by IMUs and used to improve the accuracy of the DR heading estimate?  

As we will show in this paper, the answer to this question is “yes” these biomechanical signals of interest 

can be measured by the combination of a trunk (or lumbar) and foot mounted IMUs. It will be shown that 
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these biomechanical signatures are a reliable indicator that an individual has started or is ending a turn.  When 

used in a DR system, these signatures would be used to distinguish apparent (or fictitious) heading changes 

caused by gyro and accelerometer errors from actual (physical) heading changes caused by a turn.   

 

1.2 PRIOR ART 

The method presented in this paper can be viewed as an extension and improvement of prior work described 

in [1], [2] and [3].  The work described in [3] uses a foot mounted IMU to mechanize a dead reckoning system 

in the form of an Inertial Navigation System (INS) aided by  ZUPTs only.  Since heading errors cannot arrest 

heading errors, use of a magnetometer triad is proposed as an aiding sensor.  The drawback of magnetometers 

is that they are easily affected by proximity to magnetic fields due to current carrying wires or ferromagnetic 

materials—a rather typical occurrence indoors. 

The work in [1] uses the gyros in a foot-mounted IMU to determine heading.  During straight line walking, 

gyro outputs are passed through a low pass filter before they are used to determine heading.  The low pass 

filter is used to separate actual heading changed (low frequency content signal) from apparent heading change 

due to gyro drift (higher frequency content signal).  As noted in [1], this approach fails when the user makes 

sharp or abrupt heading changes when the true signal has higher frequency content than the apparent signal.  

Since sharp turns are common during indoor navigation, the approach proposed in [1] is limited to use 

outdoors during straight line walking. 

 

The work in [2] proposes a waist mounted triad of accelerometers and single gyroscope to mechanize a dead 

reckoning system.  The proposed approach uses the periodicity of trunk yaw as a biomechanical signature 

from which strides and turns can be identified.  The drawback of this method is that an individual unique 

calibration is required and the accuracy of the system is dependent on the similarity between the calibration 

(one single 360° turn) and the future turns made by the user. 

1.3 THESIS CONTRIBUTIONS 

In response to the challenging problem described above the following are the contributions of this thesis: 

 A method, algorithm and framework for pedestrian turn detection and heading error reduction of 

low cost trunk mounted inertial navigation systems 

 A novel experiment to test the inertial navigation solution  

 Statistics of critical turning indication parameters of 8 healthy subjects of varying heights, weights 

and sex 
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1.4 THESIS OUTLINE  

 Chapter 2 lays the ground work for the theory of using a model of human motion to aid a 

pedestrian navigation system 

 Chapter 3 describes the setup of the experiment used to test the algorithms developed to reduce 

heading error drift in the pedestrian navigation application, this also includes the data processing 

used to prepare the reference data to the experimental data 

 Chapter 4 describes the algorithms run on the inertial data from the foot and trunk mounted sub-

systems 

 Chapter 5 describes the results of the algorithms used to navigate the foot and determine the 

heading of the torso, conclusions and future work are also discussed 
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2 Concept of Model Based Aiding for Pedestrian 

NavigationEquation Chapter 2 Section 0 

2.1 BIOMECHANICS OF TURNINGEQUATION SECTION (NEXT) 

Turning is defined as a reorientation of the body to achieve a new direction of travel.  In human beings a 

large percentage of the mass is concentrated in the upper body which means that body reorientation will 

require reorientation of the trunk.  The quantities of interest for this model of turning motion are quantities 

that predict the onset of turning and/or give a measure of the turning motion that has occurred. 

Previous research in turning motion has shown that  

1) In order to alter the direction of locomotion without stopping the change in direction has to be 

planned in the previous step [18]. 

2) During normal human gait, turning without stopping is the preferred method of direction change 

[17]. 

3) The human body can be modeled as a double pendulum with turning motion initiated by the upper 

body rotating about the frontal plane [17].     

 

2.1.1 Kinetic Analysis 

Kinetic analysis of the human body system undergoing turning motion suggests that in order for there to be 

an angular displacement about the vertical axis there must be moment about the vertical axis.  Consider a 

person making a right turn just prior to body reorientation with the right foot just being picked up off the 

ground.  For a turn to occur an external moment about the vertical axis must be provided by the left foot to 

satisfy the equation: 

 
 

/

Left Foot

Body

Body Foot

M

I
    (2.1.1) 

Over the course of the right foot swing phase the total angle change is given by: 

  

    
1 1

0

  ,0 1 0 ( )

o

t t

Body Body Body

t t

t t dt dt          (2.1.2) 

The change in angle computed by equation (2.1.2) describes the bulk motion of the human body system but 

does not give any kinematic information on the individual limbs and joints that make up the body.  This 
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kinematic information is essential since the personal navigation system tracks the kinematic information of 

a single limb or multiple limbs, not every limb in the human body.  

 There are two possible methods to obtain kinematic information about the individual limbs.  The first is to 

track the transmission of moments through the joints, and the second is to directly observe the kinematic 

quantities of all limbs of interest during the turn.   It is more practical to observe kinematic quantities 

directly than to calculate them by force-moment relations, therefore the approach of tracking limb motion is 

taken.   

The kinematic quantities of human limbs turn during walking motion is described in [17]. This work 

showed that foot placement and trunk roll motion are the main controlling mechanisms behind turning 

motion of people.  For a foot mounted pedestrian navigation system the interest is in quantities that provide 

information on the magnitude of reorientation of the foot.  For the purpose of simplification the model here 

assumes turning to the left and right to be symmetrical and therefore the focus here is on a turn by a person 

to the right.  The assumed turning motion takes place with a person walking along a straight line then 

making a turn to the right at a significant angle 

2.1.2 Kinematic Analysis 

The approach described in this thesis hinges on the assumption that observing the kinematic states of an 

individual’s trunk and foot provides an unambiguous clue as to whether an individual is walking in a straight 

line or turning.  Research about the way turning is executed by healthy individuals during walking motion 

has been performed by the neurological and medical community [16, 17, 18].  The literature in these domains 

illustrates that turning motion is most commonly performed without stopping and is a coordinated effort 

between the trunk and the lower body [17].  The kinematic parameters affected by turning motion are trunk 

roll, trunk yaw, foot stride length, and foot stride width [17]. 

   

 

For our purposes trunk roll and yaw will be defined as rotational misalignments between the orthogonal axes 

attached to the IMU located on the user’s trunk (i.e trunk sensor axes) and the standard North-East-Down 

(NED) navigation frame whose origin is at the user’s current location.  We are assuming that the trunk sensor 

axes are aligned in such a way that the x-axis points, the z-axis points down and the y-axis completes the 

right-handed coordinate system.    Trunk yaw ( T )  is the first rotation in a 3-2-1 Euler angle sequence that 

transforms the navigation frame into the sensor frame.   Stated another way, it is a rotation about the vertical 

axis from the navigation frame to the sensor frame.  Similarly, the trunk roll ( T ) is the third rotation in the 

same 3-2-1 Euler angle sequence that transforms the navigation frame into the trunk sensor frame.    The 

trunk roll and yaw angles are depicted in Figures 4(a) and 4(b), respectively. 
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The remaining two parameters of interest are related to the orientation of either foot.  The first of these is the 

foot yaw angle ( F ) which is defined as the first Euler angle in a 3-2-1 sequence that rotates transforms the 

navigation frame into the foot-mounted IMU frame.  The foot-mounted IMU’s axes are aligned in such a 

way that the x-axis is point forward; the z-axis is pointing down and the y-axis complete s the right-handed 

coordinate system.   The last of the kinematic parameters is stride width (denoted SW).  It is defined as the 

perpendicular displacement of either the right or left foot relative to a straight line originating from the foot’s 

position at the last step and drawn parallel to the direction of travel over the previous stride.  Both the foot 

yaw and step width are shown graphically in Figure 4-2, respectively. 

When an individual walks, trunk yaw, trunk roll, foot yaw and stride width are not constant but vary 

continuously.  During straight line walking the change in these parameters from one step to the next can be 

described as a zero-mean, random process with a known variance.  However, during a turn the random 

process which described the change in these parameters from step to step will exhibit a shift in mean, variance 

or both.  Suppose we view the straight line walking and turning maneuvers as distinct random processes 

characterized by the distributions of T , T , F  and SW .  Then identifying whether   an individual 

is walking in a straight line or turning becomes a problem of determining a change in process.  As such, we 

first need to determine the baseline statistics of T , T , F  and SW during straight line walking. 

 

Baseline statistics for the four kinematic parameters was obtained from an experiment in which we 

instrumented subjects with sensors and measured the kinematic states of various limbs and body parts as they 

walked.  The experiments were conducted in a hospital setting at the James R. Gage Center for Gait and 

Motion Analysis at the Gillette Healthcare [14].  The laboratory is equipped with a ViconTM motion capture 

system [15] which uses an array of cameras to track the motion of markers placed on various parts of a 

subject’s body.  The experiment consisted of eight healthy participants (two female and six males ages 

twenty-two to thirty-eight) instrumented with five IMUs on their upper torso, lower torso, right thigh, right 

leg, and right foot.  The details of the experimental set up and data processing will be discussed in more depth 

later in the paper.  For now, however, we will just focus on the characterization of kinematics parameters 

obtained from these experiments. 

 

Figure 2-1 and 4 show histograms of T  and T .  The histograms were prepared using all the data from 

all the subjects in the experiment. Figure 2-1 shows a histogram of change in the trunk yaw angle during a 

stride for straight line walking.  Even though we will discuss this histogram in more detail later, for now the 

key point to take away is that the torso’s yaw angle is not a constant during straight line motion but varies.  
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Its variation can be characterized by a histogram (or, with sufficient data, a probability density function) with 

a distinct mean and variance.   When a turn occurs, the mean and variance will change.  The change is one 

of the signatures we exploit in the approach presented in this paper. 

 

 

Figure 2-1 The change in trunk yaw over straight segments 

Similarly, Figure 2-2 shows a histogram of change in the trunk roll angle over a stride for straight line 

walking.  Once again, we have a distribution with a distinct mean and variance.  Deviations from this (in a 

statistical sense) can be used a signature for a deviation from straight line walking. 

 

Figure 2-2 The change in trunk roll over straight segments 

In the algorithm that will be described next we will use “hard” thresholds to determine when a deviation from 

straight line walking has occurred.  Figure 6 and 7 will be used to establish the thresholds for T  and T .  

Thresholds for F  and SW  will be discussed later. 
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Figures 6 and 7 provide the explanation we propose using four kinematic parameters to detect the occurrence 

of turns.  Since these kinematic parameters are random variables, during straight line walking it is reasonable 

to expect that a single sample of a particular kinematic parameter can exceed the established threshold.  To 

avoid declaring a turn (a false alarm) when a single parameter exceeds a threshold, we will use the more 

conservative approach of declaring a turn when two out of four parameters exceed the established thresholds.   

T  or T  alone cannot be used as the kinematic parameters or signatures for identifying a turn.  This is 

because as shown in Figure 2-1 and Figure 2-2, T  and T are random variables and taking a single 

sample of a random variable and attempting to determine whether that random variable came from a 

particular distribution is a less precise method of parameter estimation than observing the distribution through 

a separate but dependent variable. 

2.2 SYSTEM CONCEPTEQUATION SECTION (NEXT) 

The dead reckoning approach for personal navigation described in this paper fuses the information from three 

information sources; an IMU-based sub-system installed on the foot of the user, an IMU-based sub-system 

on the trunk of the user and turn detection sub-system containing logic for determining deviation from straight 

line walking.   

The foot mounted sub-system generates an estimate of the user’s navigation state vector.  It uses ZUPTs 

mitigate drift in the state vector estimate due to IMU errors.  In addition, it generates estimates of F  and 

SW which is used by the turn detection sub-system.  The trunk-mounted system tracks the attitude of the 

user’s trunk from which it generates estimates of T  and T .  The estimates of T  and T  are used 

by the turn detection sub-system.  The turn detection sub-system uses the estimate of T , T , F  and 

SW  provided by the other two sub-system to decide whether deviation from straight line walking has 

occurred.  In what follows we will described the algorithms running in each sub-system conceptually. 

 

2.2.1 Foot Mounted Sub-System 

The foot-mounted system is essentially a ZUPT-aided inertial navigation system.  An Extended Kalman Filter 

(EKF) is used to fuse the IMU outputs with ZUPTs.  The system used in this work is essentially the same as 

the one described in [3] with one major difference.  The difference is in how the EKF estimates yaw.  If the 

turn detection sub-system indicates that the user is walking in a straight line, then it interprets any consistent 

change in heading as being apparent heading change due to gyro drift.  Thus, it keeps the heading change to 

zero and uses this information as a pseudo-measurement which can be used to estimate the gyro bias.   
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Figure 2-3.  Graphic depiction of system operation 

Figure 5 graphically describes the system operation.  In the figure, the user starts walking in a straight line 

(segment AB), makes a 90 degree turn to the right (segment BC) and continues to walk in straight line 

(segment CD).  Along segment AB the turn detection logic would indicate straight line walking.  Therefore, 

any heading change along this segment will be interpreted as being due to IMU errors.  At point B, the turn 

detection logic indicates deviation from straight line walking.  This results in the “unclamping” of the change 

in yaw estimate by the foot-mounted system (i.e. open loop integration of the IMU).  Once the end of the 

turn is detected, the foot-mounted system “clamps” the expected change in yaw to be zero.   

 

2.2.2 Trunk Mounted Sub-System 

The trunk mounted sub-system determines the attitude of the trunk.   The process for estimation of trunk 

attitude is shown in Figure 2-4.  The process starts by determination of initial attitude of the trunk.  The 

changes in attitude relative to the initial attitude is determined through the integration of the trunk mounted 

angular rate sensors until the end of a stride is detected.  Once the stride end is detected if the motion is 

determined to not be a turn, then the attitude information from the previous stride is used to remove any drift 

caused by integration of gyroscope errors. 

 

 

Figure 2-4. The process of estimating trunk attitude 

To form the attitude measurement for the current right foot contact, which is effectively used to constrain 

the motion of the trunk to a straight line path, the initial attitude must be known.  The initial attitude of the 
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trunk is assumed to be known before the user enters a GNSS-denied area.  At the start, this attitude is used 

to initialize the trunk sub-system.  For the experiment used to analyze turning motion the initial orientation 

of the IMU is measured by the Vicon® system. 
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3 Experimental AnalysisEquation Chapter (Next) Section 1 

The purpose of the experiment conducted under this research is to analyze the use of a human turning 

motion model used to aid Strapdown Navigation.  Analysis of the human turning model described in 

section 2.1.2 and previous experiments suggest that trunk roll angle, trunk yaw angle, stride length 

deviation from nominal stride, angle change of the foot over a stride and magnitude of foot placement 

perpendicular to the direction of stride are indicators of the onset of turning motion (Patla, Adkin and and 

Ballard).  A Vicon® Motion capture system is used as a reference for Inertial Measurement Units (IMUs), 

which are more typically used for Strapdown Inertial Navigation and pedestrian motion tracking. 

 

3.1 EXPERIMENT SETUPEQUATION SECTION (NEXT) 

The experiment participants are eight healthy adults (6 male and 2 female) weighing between 50 and 90 kg 

(110 – 200 lb) and measuring in height between 165 and 190 cm (5’5’’ – 6’3’’).  By having variability in 

the height, weight and sex of the subjects selected it allows for analysis of how much or little effect each of 

the varied factors have on the parameters of interest during turning motion.  For the purpose of aiding 

navigation the interest is in parameters that do not vary across subjects or can easily be calibrated during 

operation of a navigation system with GNSS or other aiding sensors. 

Due to the use of a Vicon® Motion Capture System for tracking of limb motion the area used for the 

experiment is confined to a small 10 meter by 5 meter room.  This is considered acceptable since the 

turning motion of interest is indoor or confined space turning motion.  To mimic natural walking through 

hallways each subject is asked to walk five repetitions of four separate trajectories at both a fast and a slow 

pace.  These trajectories are straight line walking, walking with a 45° turn, walking with a 90° turn, and 

walking with periodic turning motion.  Prior to beginning each of these trajectories the participant is asked 

to stand as still as possible to allow for initialization of the navigation algorithms. 

Having the subjects walk in a straight line and then turn around as shown in Figure 3-1 is meant to be a 

control trajectory intended to determine the capability of turning detection to identify segments of motion 

that are nominally straight. 
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Figure 3-1 The paths walked by the participants 

 

3.1.1 Vicon® Measurement System Setup 

The Vicon® Measurement system is a set of infrared cameras and reflector dots that provides the user with 

the position of reflector dots relative to a point in the room.  The particular Vicon setup being used for this 

experiment is the Vicon System at the Gait and Motion Analysis Center of Gillette Children’s Hospital 

which is a system with accuracies around 2 mm. (Rozumalski).  Prior to having participants complete the 

walking trajectories specified they are instrumented with a Vicon® reflector dot in every place where it is 

desired that there be a position measurement.  In this experiment the upper torso, lower torso, right thigh, 

left thigh, right shin, left shin, right foot, and left foot are tracked with Vicon® markers.  Each of these 

limbs are instrumented up with three Vicon® markers to allow for a reconstruction of the limb’s position 

and orientation as described in Section 3.3.3 step 2.  The instrumentation of the subject is as illustrated in 

Figure 3-2.  
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Figure 3-2 The Vicon instrumentation of the test participant 

 

3.1.2 Inertial Measurement Unit Setup 

A standard Inertial Measurement Unit consists of three accelerometers, which measure specific force, and 

three gyroscopes, which measure angular rate, with the measurement axis of the accelerometers the 

gyroscopes aligned.  Each of these sets of accelerometer/gyroscope pairs is placed perpendicular to the 

remaining two sets in an axis set that follows a right handed convention; this allows for a measurement of 

specific force and angular rate in three independent directions as shown in  
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Figure 3-3 The nominal axes for IMU Measurements 

The IMU used in this experiment is a custom built IMU from Advanced Medical Electronics that transmits 

A/D converted counts of measured voltages proportional to angular rate and specific force over Bluetooth 

to a recording PC that stores the data (Procedure described in section 8.1) for use in the IMU calibration 

routines described in section 3.3.1.  The IMU and Bluetooth transmitter are packaged in a 1.5’’x 1.5’’ 

plastic mounting case shown in Figure 3-4  with handles that are used to secure the case to the participant 

by Velcro strap.   

 

Figure 3-4 The Bluetooth IMU used for the experiments with a quarter for size reference 

Even after calibration the IMU quality is consumer grade unit with accelerometer bias and bias stability 

quantities on the order of 0.2 m/s2 and gyro bias and bias stability quantities on the order of 0.5°/s.  These 

residual error quantities are discussed further in sections 4 and 5.2.3.  IMUs with sensors of this quality 

(shown in Table 1: IMU Parameters Used in the Experiment) are readily available from vendors such as 
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Analog Devices, however the Bluetooth data transmission feature is critical for this experiment since it 

made the instrumentation of the IMUs on the experiment participants simple and there was no wiring to 

interfere with the natural motion of the subjects.  

Table 1: IMU Parameters Used in the Experiment 

 

 

 The particular version of the IMU software used in this experiment have a bug that occasionally cause the 

IMU to drop Bluetooth transmission; this was a cause of data sets that do not contain a particular IMU. 

3.2 FRAME DEFINITION 

Navigation is the ability to describe an object’s position, orientation and derivatives of these quantities 

relative to some reference frame.  This frame should be chosen for user convenience to allow physical 

understanding of the navigation solution presented.  In this experiment there are a number of reference 

frames presented that are convenient to describe certain measured quantities in.  For this experiment the 

frames used are the IMU Body Frames, Vicon Body Frames, Vicon Global Frame and North, East, Down 

(NED) Frame.   

The Vicon Global Frame is defined by the Vicon® measurement software as axes fixed in orientation and 

location relative to the surface of the earth.  The position measurements of the Vicon® Markers are given 

in this frame.  The Vicon® Global Frame Z-axis points up toward the ceiling of the lab and the X-axis 

points along the direction of the person’s initial steps with the Y-axis being defined as the cross product of 

the Z and X axes.  The orientation of the Vicon Global Frame relative to the NED axis is shown in Figure 

3-7. 

The NED coordinate frame consists of the North and East axes which are on a plane tangent to the earth’s 

surface at that point.  The North axis points toward the earth’s true North Pole and the East axis is the 

vector perpendicular to the North axis on the tangent plane.  The down axis is the axis perpendicular to 

both the North and East axes pointing toward the center of the earth.  This is the coordinate frame end 
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navigation quantities are described in.  Its orientation relative to the Vicon Global Frame is shown in Figure 

3-6.  The IMU Body Frame is fixed relative to the Inertial Measurement Unit.  This is the coordinate frame 

that the triad of accelerometers and triad of gyroscopes output data in.  As shown in Figure 3-5 the X axis 

points out the connectors of the IMU, the Z axis points toward the flat mounting surface, and the Y axis 

points toward the right mounting strap as viewed from above (when the label is showing) 

 

Figure 3-5 The Inertial Measurement Unit Body Frame shown overlaid on the Right Leg IMU 

Due to mounting constraints each IMU mounted on limb has a different orientation relative to the NED 

coordinate frame at the beginning of the trial, however for all eight participants the IMU orientation on a 

given limb is approximately the same to mounting precision.  The orientation and position of the IMUs is 

shown from a side view in Figure 3-6 and from a front view in Figure 3-7. 
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Figure 3-6 Side view of the IMU Body Coordinate Frames  

 

Figure 3-7 Front view of the IMU Body Coordinate Frames 

The Vicon® Body Frames are reference frames that track the motion of limbs.  Each of these reference 

frames is centered at a Vicon® Marker with an orientation relative to the Vicon® Global Frame that is 

computed by the procedure defined in 3.3.3 step 2.  The orientation of each of the Vicon® Body Frames 
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changes with participant movement around the Vicon® Motion capture surface in the same manner the 

orientation of the IMU Body frames change orientation.  This means that for a given limb the relative 

orientation of the Local Vicon® Body Frame relative to the IMU mounted on the limb is constant, the 

relative orientation of the Vicon® Body Frame to the IMU frame is computed using the procedure 

described in section 3.3.5. 

 

Figure 3-8  Side view of the Vicon Body Coordinate Frames 
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Figure 3-9 Front view of the Vicon Body Coordinate Frames 

 

The table below summarizes the coordinate frames defined to track limb motion. 

    

Coordinate Frame(s) Number Location(s) Orientation 

North, East, Down 1 Fixed Point on the lab 

floor as defined in 

Vicon® Settings 

X – North, Y – East, Z - 

Down 

Vicon Global 1 Fixed Point on the lab 

floor as defined in 

Vicon® Settings 

Z-Up, Y- Perpendicular 

to X and Z, X-Opposite 

the direction of initial 

travel 

IMU Body 5 Fixed to the Upper 

Torso, Lower Torso, 

Right Thigh, Right Leg, 

and Right Foot 

X – Out the Connectors 

of the IMU, Y – 

Pointed out the right of 

the IMU, Z – Pointed 

toward the IMU flat 

mounting surface 

Vicon Local 5 Fixed to the Upper 

Torso, Lower Torso, 

Right Thigh, Right Leg, 

and Right Foot 

Varies between each 

limb depending on the 

placement of the 

marker set used to track 

the limb 
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In general, navigation output results will be described in the North, East, Down (NED) coordinate system 

while IMU sensor outputs and Vicon derived inertial data will be described in the local IMU Body 

coordinate frames for convenience. 

 

3.3 DATA PRE-PROCESSING EQUATION SECTION (NEXT) 

The process of transforming raw Vicon and IMU data into quantities that are useful for analyze the turning 

motion is described in this section.  This process is performed for each of the approximately five IMUs for 

every one of the eight runs for all eight subjects (about 320 different IMU data time histories).  Due to the 

sheer amount of data present it is necessary to process the data efficiently and without human interaction at 

every step. Figure 3-10 provides an overview of the process used to transform raw IMU data and Vicon 

data to time and coordinate frame synchronized data capable of providing independent measures of limb 

kinematic quantities. 

Calibrate IMUs 
(ApplyCalibration.m)

Synchronized 
IMU and 

Vicon Data

IMU Data 
(.csv)

Calibrated IMU Data
Rate and Specific Force

Calibrated IMU 
Data (.mat)

Compute Rate/Accel Parameters from Vicon Data 

Vicon Data w/ 
Rate and Specific Force

Vicon Data 
(.c3d)

Vicon Nexus Software

Raw Vicon 
Data

Vicon Marker Position
Information

Synchronize IMU/Vicon Coordinate Frames

Synchronize IMU/Vicon Time

IMU Data

 

Figure 3-10 The pre-processing of Inertial Measurement Unit (IMU) and Vicon Data 



23 

 

3.3.1 IMU Calibration 

IMU calibration removes errors from the Inertial Measurement Unit by comparing output IMU data to 

specific force and angular rate quantities provided by a rate table.  The process produces twenty four 

quantities per IMU that map the raw voltages output by the 3 gyroscopes and 3 accelerometers in each 

sensor axes to angular rate and acceleration quantities sensed in the IMU body axis.  The mapping between 

the vector of three A/D converted counts of measured voltages output by the three accelerometers,

_Accel Bodyv , and the vector of three specific force quantities in the IMU_Body frame, 
_IMU Bodyf , is 

given by equation (3.3.1): 

  

 
_

_ _ _

_  
IMU Body

IMU Body IMU Body Accel Body

Accel Bodyf T v f    (3.3.1) 

The matrix 
_

_

IMU Body

Accel BodyT  is a 3x3 transformation that does not necessarily have the properties of a direction 

cosine matrix and contains accelerometer scale factor, misalignment, and non-orthogonality quantities.   

The mapping between the vector of three A/D converted counts of measured voltages output by the three 

gyroscopes, _Gyro Bodyv , and the vector of three angular rate quantities in the IMU_Body frame, 

_IMU Body , is given by equation (3.3.2): 

  

 
_ _ _ _

_  IMU Body IMU Body Gyro Body IMU Body

Gyro BodyT v     (3.3.2) 

The matrix 
_

_

IMU Body

Accel BodyT  is a 3x3 transformation that does not necessarily have the properties of a direction 

cosine matrix and contains gyroscope scale factor, misalignment, and non-orthogonality quantities.  

 

3.3.2 Vicon Nexus Software Processing 

The Vicon® Nexus Software allows the user to create data labels associated with position time histories of 

reflective markers tracked by the infrared camera system in the lab.  This is a manual process by which the 

labels are assigned to each of the markers allow it to be associated with a limb and an IMU.  The Vicon 

Nexus Software is useful to visualize marker location on the subject and observe quality of data and 

patterns in the gait. This software also interpolates points in time where the camera system was not tracking 

a reflective marker. 
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3.3.3 Angular Rate and Specific Force Calculation from Vicon® Data 

In order to make a direct comparison between the IMU outputs and the data produced by the Vicon® 

system it is useful to derive angular rate and specific force quantities from the position time history of three 

Vicon® markers attached to the same rigid body the IMU is mounted on.  This comparison is used to 

synchronize the IMU/Vicon® time and coordinate frames as described in Sections 3.3.4 and 3.3.5 and to 

identify any issues with the IMU measurement data. 

The Vicon derived angular rate and specific force data can also be used to test the Strapdown Navigation 

algorithms described by the process in section 3.3.4 . 

The angular rate and specific force calculation takes place in four steps as shown in Figure 3-11: 

Compute Transformation Matrix from Vicon Local Body Frame to Vicon Global Frame

Vector of Vicon Marker
Positions

Filtered Vector of Vicon Marker
Positions

Compute Vicon Velocity and Specific Force

Compute Vicon Angular Rates

Transformation Matrix

Zero Lag Filter the Vicon Marker Positions

Filtered Vector of Vicon Marker
Positions

Filtered Vector of 
Vicon Marker

Positions
Transformation Matrix

Vicon Velocity
and Specific Force

Vicon Angular 
Velocity

 

Figure 3-11 Process of computing specific force and angular rate from the three Vicon position vectors for 

each limb 

Details of these steps are as follows 

1. Low pass filter the position time history vector output from the Vicon Nexus Software 

The output of the Vicon® Nexus Software is a 120 Hz frequency time history of the marker position 

expressed in the Vicon® Global Frame denoted 
V

ir  with i being an integer indicating the marker 

number.  Since this data is sampled at a high rate it contains frequency contents at higher frequencies 

which may be amplified by the numerical differentiation process.  To prevent the amplification of 
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these high frequency components the position vector of each Vicon marker is put through a zero phase 

low pass Butterworth Filter with a cut-off frequency of 8 Hz.  The filter is defined using the Matlab 

butter() command and the zero phase filtering is performed using the Matlab filtfilt() command. 

2. Form the Vicon® Body Frame to Vicon® Global Frame direction cosine matrix for each Vicon® 

epoch from the set of markers attached to the rigid limb 

The output of the Vicon® Nexus Software is a time history of the marker position expressed in the 

Vicon® Global Frame denoted 
V

ir  with i being an integer indicating the marker number.  Each joint 

has three markers with indices, i, numbered from 1-3 that are used to define a local Vicon® Body 

Frame as shown in Figure 3-12. 

 

Figure 3-12 The quantities used to form the Vicon Body Frame 

In order to define a frame that is fixed relative to the orientation of the marker placard shown in Figure 

3-12, take the difference of the Vicon® marker positions: 

  

 12 2 1    V V Vr r r    (3.3.3) 

 13 3 1    V V Vr r r    (3.3.4) 

This gives two vector quantities that point along the lines between the markers which are fixed in direction 

when viewed from the frame of marker 1.  These vector quantities are used to define the axes of the 

Vicon® Body Frame.  Since the IMU is mounted to the IMU with its X axes approximately aligned along 

13

Vr , the direction of 13  Vr is defined to be the unit vector of the Vicon® Body Frame Z axis.   
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 13

13

 ˆ
V

V

VB V

r
Z

r
∶   (3.3.5) 

To define another line fixed relative to the frame of marker 1 with unit magnitude take the cross product of 

these two lines and divide it by the magnitude: 

  

 13 12

13 12

 ˆ
V V

V

VB V V

r r
Y

r r





∶   (3.3.6) 

The final unit vector of the Vicon® Body Frame is then formed by taking the cross product of the other 

axes unit vectors: 

  

 ˆ ˆ  ˆV

VB VB VBX Y Z ∶   (3.3.7) 

These three orthogonal unit vectors provide information about the orientation of the Vicon® Body Frame 

relative to the Vicon® Global Frame.  The orientation information can be expressed as a direction cosine 

matrix through equation (3.3.8) [5] 

𝐶𝑉𝐵
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  (3.3.8) 

For each Vicon® epoch this transformation matrix gives information on how the marker set mounted to 

each limb is oriented relative to the Vicon® global frame.  This information is required to form the Vicon® 

derived specific force and angular rate measurements described in steps 3-4 and to use as a comparison to 

the navigation solution formed by integrating the IMU data. 

3. Compute the velocity and specific force from the Vicon® 

Prior to numerical differentiation the position vectors, 
V

ir , of each marker are zero phase low-pass filtered 

to avoid amplification of high frequency noise that may occur due to numerical differentiation.  For each 

axis of the marker’s position a third order piecewise polynomial is computed with the Matlab command 

spline.  This piecewise polynomial is then differentiated twice and each derivative is evaluated at a rate 

equal to or greater (600 Hz was chosen to evaluate the Strapdown Navigation algorithms described in 



27 

section 4) than the original position vector rate (120 Hz).  The differentiation and evaluation are computed 

with the Matlab command fntlr which results in the velocity vector of the marker point in the Vicon® 

Global Coordinate Frame, 
V

iv , and the acceleration vector of the marker point in the Vicon® Global 

Coordinate Frame, 
V

ia .   

The specific force in the Vicon® Global Coordinate Frame for the ith marker,    V

if .  , is computed by 

adding the gravity that has been rotated from the NED Frame to the Vicon® Global Coordinate Frame 

using the transformation matrix defined in . 

  

  V V V NED

i i NEDf a C g    (3.3.9) 

The specific force in the Vicon® Body Frame, 
VB

if , is then computed using the transpose of the attitude 

DCM determined in step 2 interpolated to the time of validity of the 600 Hz data 

  

 600   |VB VB V

i V Hz if C f   (3.3.10) 

The quantity, 
VB

if , is averaged over all markers to compute the average acceleration then passed to the 

function used to synchronize the Vicon® and IMU times of validity as described in section 3.3.4. 

4. Determine the angular derivative quantities of the Vicon® Body Frame 

For each element of the direction cosine matrix computed in step 2 a third order piecewise polynomial is 

computed with the Matlab command spline.  This piecewise polynomial is then differentiated once with the 

derivative evaluated at a rate equal to or greater than the original position vector rate (120 Hz).   600 Hz 

was chosen to evaluate the Strapdown Navigation algorithms described in section 4 in order to reduce the 

algorithmic error from the Euler integration. The differentiation and evaluation are computed with the 

Matlab command fntlr which results in the time derivative of the direction cosine matrix which describes 

the rotation from the Vicon® Body Frame to the Vicon® Global Frame, 
V

VBC .  The angular rate is then 

computed as follows: 

  

 /

VB VB V

V VB V VBC C    (3.3.11) 
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The quantity /

VB

V VB  is taken from the skew symmetric elements of /

VB

V VB  and then passed to the function 

used to synchronize the Vicon® and IMU times of validity as described in section 3.3.4 

3.3.4 Vicon/IMU Time Synchronization 

The particular IMUs used in this experiment have angular rate and specific force measurements that are not 

necessarily output at a constant rate.  To allow for a single time offset to be computed for the both the 

angular rate and specific force data set each of these quantities is interpolated to the same integer multiple 

time which is defined by equation (3.3.12): 

  
1

1,2,3, *
100

IMUt N
 

   
 

  (3.3.12) 

The interpolation is then performed for both the angular rate and specific force using the Matlab function 

interp1  

  

  _

,| 1 | ,b

IMU f

IMUIMU b

t f t IMUf interp t f t   (3.3.13) 

  _ _

/ , /| 1 | ,
b IMU b f

IMU b IMU b

IMU I t f IMU I t IMUinterp t t    (3.3.14) 

The specific force and angular rate data generated from the Vicon® position measurements and measured 

from the IMU are not valid at the same time of validity and are not expressed in the same coordinate frame, 

but contain similar underlying dynamics since they are both are derived from measurements of motion of 

the same limb.  Even though the vectors are valid in different coordinate frames the magnitude of the vector 

is coordinate frame invariant.  This means that the norm of the vector is preserved in the transformation 

between the IMU body coordinate frame and Vicon® Body coordinate frame.  This means that the norm of 

the vector is independent what frame it is expressed in which makes it usefully for observing the time offset 

of the IMU and Vicon® Body Frame quantities.  The norm of a vector is defined as 

 
2 2 2

x y zv v v v     (3.3.15) 

To eliminate coordinate frame dependence of the dynamics, the norm of the Vicon® specific force, 
VB

if , 

Vicon® angular rate, /

VB

VB V , IMU specific force, 
_ |

IMU

IMU b

i tf  , and IMU angular rate, 
_

/ |
b IMU

IMU b

IMU I t , are 

taken.   Aside from measurement errors the difference between the norms of the Vicon® derived inertial 

measurements and the inertial measurements from the IMU is the time offset between them.  In order to 

measure the time offset between the specific force quantities the cross correlation between the norm of the 

IMU specific force and norm of the Vicon® specific force is computed using the Matlab xcorr command: 
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  _, | ,
corr IMU

IMU b VB

corr f i t if l xcorr f f      (3.3.16) 

Similarly, the cross correlation between the norm of the IMU angular rate and norm of the Vicon® angular 

rate is computed 

  

  _

/ /, | ,  
corr b IMU

IMU b VB

corr IMU I t VB Vl xcorr        (3.3.17) 

The cross correlation is a measure of the similarity of each of the vectors, captured by the first output from 

xcorr, when one is shifted in index relative to the other.  In the case of these time measured quantities, the 

index difference equates to a time offset between the IMU and the Vicon® measurement times.  The lag 

offset used to compute the correlation value between the input vector quantities is the second output from 

xcorr represented in equations (3.3.16) and (3.3.17) as l.   

The lag offset given by equation (3.3.17) is used to determine the time offset between the Vicon® angular 

rate and IMU angular rate.  The lag offset at the index of the maximum correlation (max( corr )) between 

Vicon® and IMU angular rate measurements corresponds to an IMU time when lag > 0 and Vicon® time 

when lag < 0.  The offset between the angular rate time of the Vicon and the angular rate time of the IMU 

is then given by: 

  

𝛿𝑡𝜔,𝐼𝑀𝑈/𝑉𝐼𝐶 = {

𝑡𝐼𝑀𝑈(𝑙𝜔𝑐𝑜𝑟𝑟
(𝑖𝜔𝑐𝑜𝑟𝑟,𝑚𝑎𝑥

) + 1) − 𝑡𝑉(1)
 

, 𝑙𝑎𝑔 > 0

𝑡𝐼𝑀𝑈(1) − 𝑡𝑉(𝑙𝜔𝑐𝑜𝑟𝑟
(𝑖𝜔𝑐𝑜𝑟𝑟,𝑚𝑎𝑥

) + 1), 𝑙𝑎𝑔 < 0
 

 

 

The lag offset given by equation (3.3.16) is used to determine the time offset between the Vicon specific 

force and IMU specific force.  The lag offset at the index of the maximum correlation ( max( corrf )) 

between Vicon® and IMU specific force measurements corresponds to an IMU time when lag > 0 and 

Vicon® time when lag < 0.  The offset between the specific force time of the Vicon and the specific force 

time of the IMU is then given by: 

𝛿𝑡𝑓,𝐼𝑀𝑈/𝑉𝐼𝐶 = {

𝑡𝐼𝑀𝑈(𝑙𝑓𝑐𝑜𝑟𝑟
(𝑖𝑓𝑐𝑜𝑟𝑟,𝑚𝑎𝑥

) + 1) − 𝑡𝑉(1)
 

, 𝑙𝑎𝑔 > 0

𝑡𝐼𝑀𝑈(1) − 𝑡𝑉(𝑙𝑓𝑐𝑜𝑟𝑟
(𝑖𝑓𝑐𝑜𝑟𝑟,𝑚𝑎𝑥

) + 1), 𝑙𝑎𝑔 < 0
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The Vicon® time of angular rate and specific force represented in the same time base as the IMU time can 

then be written as: 

  

 , @ ,   , /   V IMUt V IMU VICt t t      (3.3.18) 

 , @ ,   , /   f V IMUt f V f IMU VICt t t    (3.3.19) 

Since the angular rate and specific force data from the IMU were interpolated to the same times of validity 

these quantities should have the same value.  If these quantities are not similar to within 1 100 Hz (0.01 s) 

frame a warning is written for the user to notify them of inconsistencies in time base alignment between the 

angular and linear derivative quantities.  If the quantities are similar within 1 100 Hz (0.01 s) the Vicon® 

time used for comparison to the IMU is arbitrarily chosen to be the Vicon® specific force time.  Since the 

specific force and angular rate quantities are largely independent of one another this serves as a check of 

the consistency of the IMU and Vicon Data.  Consider a case where the IMU and the Vicon data are 

completely inconsistent with one another.  In this case it is unlikely that the inconsistency of the Vicon 

angular rate and IMU angular rate is nearly exactly the same as the inconsistency of the Vicon specific 

force and IMU specific force.  When the inconsistencies are different the cross correlations give distinct 

offset values leading to different time offset values leading the data to fail the 1 100 Hz sample consistency 

check. 

 

3.3.5 Vicon/IMU Coordinate Frame Transformation Determination 

After time synchronization the Vicon® and IMU angular rates and specific force measurements are valid at 

approximately the same times but are represented in different body axis coordinate frames.  In order to 

compare kinematic and navigation quantities for each limb between the IMU and the Vicon® it is 

necessary to compute the transformations between their frames of reference.  Since the IMU and the 

Vicon® sensors are attached to the same rigid body they are measuring the same specific force and the 

relative orientation of the Vicon® Body Frame and the IMU Body Frame are not changing (Section 3.2).  

For a single time-aligned measurement from both systems assume there is a transformation matrix that 

maps the specific force in the IMU Body Frame to the Vicon® Body such that equation (3.3.20) holds. 

  

   b

b

IMUV VB

IMUf C f   (3.3.20) 

Since the quantity  
b

V

IMUC  is not changing this equation holds for the entire set of data containing N 

elements where both IMU and Vicon® specific force measurements are available. 
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    1   1
b

VB VB IMU

IMUf C f  

    2   2
b

V VB IMU

IMUf C f   (3.3.21) 

    

      b

b

IMUV VB

IMUf N C f N  

This is now a matrix algebra problem where the solution is the 3x3 matrix, 
V

IMUC , and the inputs are two 

3xN matrices defined to be X and x: 

  

      
Τ

  1 ,  2 ,  , 1
VB

VB VBX f f f 
  

  (3.3.22) 

      
Τ

_
_ _  1 ,  2 ,  , 1

IMU b
IMU b IMU bx f f f 

  
  (3.3.23) 

The least squares solution to the problem is then given by equation(3.3.24): 

  
1

Τ Τ

, b

VB

IMU lsC Xx xx


   (3.3.24) 

This is the theoretical solution to the problem, however in practice the data contains errors due to imperfect 

ability of the IMU and the Vicon™ to measure the specific force.  These errors cause the nominally unitary 

transformation matrix to be non-unitary so to obtain the final form of the transformation matrix constrain 

the transformation matrix to a unitary, symmetric matrix using the singular value decomposition 

(Mathworks). 

  , , [ , , ]
b

V

C C diag C IMU lsU V svd C    (3.3.25) 

The transformation matrix can then be computed using the upper triangular and lower triangular outputs 

from the singular value decomposition algorithm. 

 
Τ 

b

V

IMU C CC U V   (3.3.26) 

This transformation matrix is used to initialize IMU Navigation from the Vicon heading and compare 

kinematic quantities between the Vicon and the IMU. 
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4 Navigation AlgorithmsEquation Chapter 4 Section 0 

This section describes the algorithms used in navigation of the foot mounted IMU and the attitude 

estimation of the trunk mounted IMU. 

4.1 NAVIGATION OF THE FOOT USING ZUPTS EQUATION SECTION (NEXT) 

This section describes the equations used to implement the inertial navigation solution on the foot mounted 

sub-system with zero velocity pseudo-measurements (ZUPTs) during foot stance phase processed by an 

Extended Kalman Filter (EKF).  The inertial navigation and EKF code is implemented in Matlab and acts 

on recorded IMU data in a causal manner, the code is adapted from INS/GPS sensor fusion code (Gebre-

Egziabher).  

The quantities of interest for a navigation system are the position in the North, East, Down (NED) 

coordinate frame, 
NED

insp , the velocity in the NED coordinate frame, 
NED

insv , and the Euler angles which 

describe the rotation between the sensor body frame and the NED frame, ins .   The sub-script ins refers 

to the fact that the quantities are produced by an inertial navigation system; this system makes use of an 

IMU in the initialization and propagation of the navigation solution.  As described in Section 3.1.2 the IMU 

contains a number of error sources that significantly degrade navigation performance.   

The EKF estimates the errors in the navigation states as well as the incremental error in the current 

computed bias value for each of the three accelerometers,   fb , and each of the three gyroscopes, b . 

 
Τ[ , , , ,  ]  NED NED

ins ins ins fx p v b b       (4.1.1) 

The remainder of the IMU errors are assumed to be negligible.  

4.1.1 Filter and Navigation Initialization: 

The initialization of the system can be separated into navigation solution initialization and EKF state and 

uncertainty initialization.  Since GNSS satellites are not available in the lab environment the navigation 

solution computed in this experiment is initialized by slightly different means than the integrated 

GNSS/INS pedestrian navigation solutions described in section 1.2.  The initial position of the limb being 

tracked in Latitude, Longitude and Altitude is given as the sum of the known Latitude, Longitude and 

Altitude of the Vicon Global Coordinate frame and relative position of the limb the navigation system is 

attached to, scaled into radians for Latitude and Longitude and meters for altitude. 

The initial uncertainty in the position error state set in the EKF is set to be 5 meters, since that is accuracy 

of the position the origin of the Vicon coordinate system is known to and the accuracy of the vector from 
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the Vicon Global Coordinate Frame origin is known to much greater precision.  The initial velocity of the 

system is set to zero in all axes since the participant is still at the beginning of the experiment.   

The initialization of tilt attitude makes use of the assumption that the person is stationary during the 

alignment period described in Section 3.1 and completely still and the specific force sensed by the 

accelerometers is only due to gravity.  This still period is detected by examining the first 10 seconds of the 

trajectory for a periods of time where the magnitude of the specific force minus gravity is less than 3 times 

the expected accelerometer bias. 

 
2 2 2

,  ,  ,      3
fstill ib x ib y ib z bt f f f g     ∶   (4.1.2) 

The initial pitch and roll angles can then be computed from the average specific force over the still period 

by trigonometry with respect to the gravity vector which points mostly in the down direction. 

The initial heading angle is then determined from the Vicon attitude using the transformation between the 

Vicon Global and NED frames as  the average initial transformation between Vicon Local Frame and NED 

frame during the still period, as computed in Section 3.3.3 Step 2, and the transformation between the 

Vicon Local Frame and the IMU frame as computed in Section 3.3.5. 

  
b b

NED NED V VB

IMU V VB IMUC C C C   (4.1.3)

  

The heading angle can be computed from Equation (4.1.4): 

     0 2 1,2 , 1,1
b b

Foot NED NED

IMU IMUatan C C    (4.1.4) 

During the still period the gyro bias can also be computed as the average angular rate measured by the 

gyroscopes. 

 /
b

b

IMU

IMU Ib    (4.1.5)

  

This value is then used as the initial value of the gyro bias used to compute the attitude of the limb by the 

inertial navigation system.  The initial accelerometer bias values are set to zero since they cannot be 

observed during the stationary period.  The initial state values of the EKF are set to zero since the initial 

navigation quantities incorporate all known information about the state of the system prior to motion. 

  0 15 10 Xx    (4.1.6) 

The initial uncertainty of the navigation states is used to initialize the covariance of the EKF.  The initial 

navigation state errors are assumed to be uncorrelated with the other states making the P0 matrix diagonal. 
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4.1.2 INS Update and Kalman Filter Time Update: 

During periods of time where the EKF has no measurements the navigation state of the limb is computed 

by integrating the measured specific force and angular rate and the uncertainties of the EKF state estimates 

are propagated forward in time according to the state transition matrix and the process noise.   

For simplicity, the navigation state computation is performed in the local level frame assuming the sensors 

used are automotive grade with and many of the terms that contribute to the errors in navigation are 

negligible compared to the sensor quality.  The simplified equations are implemented as described in 

Chapter 6 of (Gleason and Gebre-Egziabher) 

Angular rate is integrated into attitude using equation (4.1.7): 
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  (4.1.7) 

With the transformation between body rate and Euler rate as shown in equation (4.3.2). 
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  (4.1.8) 

 

The specific force measured by the accelerometer is then rotated into the navigation frame: 

  

 ,/ , / ,
b

b

IMUNED NED

Foot I k IMU Foot Ik kf C f   (4.1.9) 

Where  
b

NED

IMUC is computed using the Euler angles computed using the Euler Angle to Direction Cosine 

Matrix Routine described in Section 8.2 with the input Euler Angles being the values computed by equation 

(4.1.7).  Given that the application is personal navigation the Coriolis force can be neglected reducing the 

velocity update equation to Equation (4.1.10). 

 1 , 1/v v ( )( )N NEED

Foo

D

k k k kt I k g tf t       (4.1.10) 
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At each time update step the Kalman Filter covariance is propagated forward in time using equation 

(4.1.11).  The definition and structure of can be found in [8], chapter 6 equations 6.21-6.23, and the detail 

of derivation can be found in [9] pg. 384 – 388. 

 
Τ

1 1 1 1Φ Φ  k k k k kP P Q





     (4.1.11) 

If a measurement is not available the values of the state and covariance on the next time step are set to the 

apriori values, otherwise if a measurement is available the measurement update is performed as described 

in Section 4.1.3. 

 

4.1.3 Measurement Update 

In the pedestrian navigation application filter that makes use of Zero Velocity Updates (ZUPTs) that are 

asynchronous in nature since the measurement update takes place whenever the zero velocity condition is 

declared.  For this experiment the zero velocity condition is declared when the Vicon™ System determines 

that the foot mounted marker has a filtered velocity, as computed in Section 3.3.3, that is less than 0.05 m/s, 

and it has been greater than 0.1 seconds since the last ZUPT measurement was declared valid.  This second 

condition is critical to prevent the filter from becoming unstable due to a collapsed covariance resulting 

from the processing of a large number of measurements in a short period of time.  For each measurement 

update the Kalman gain is computed using equation (4.1.12). 

 
Τ Τ 1)(k k kkL P H HP H R     (4.1.12) 

Where Pk
- is the covariance computed during the Kalman Filter time update, H is as computed using 

equation (4.1.13), and Rk is defined using equation (4.1.14).  This definition of Rk prevents the filter from 

too heavily weighting the measurement and causing the covariance to collapse, and instead gradually 

remove the error over the course of the foot stance phase [6]. 

  

  3 3 3 3 3 3 3 60 0 0X X X XH I   (4.1.13) 

 3 3 max( ( ))T

k x kR I trace HP H    (4.1.14) 

The innovation is then formed using equation (4.1.15)with the y vector being 03x1, H being given in 

equation (4.1.13), and kx
 being computed by the time update process.  Making these substitutions the z 

vector is just the velocity at the time when the zero velocity condition is detected. 

 kz y Hx    (4.1.15) 
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The updated state is the weighted difference between the apriori state, kx
, and the feedback given by Lz

as shown in equation (4.1.16). 

  

 k kx x Lz     (4.1.16) 

The aposteriori state uncertainty is then computed using equations (4.1.17) and (4.1.18). 

  15 15

1

2
xk kkI L PHP    (4.1.17) 

  

  Τ
1

 ( )
2

k k kP P P      (4.1.18) 

By performing the covariance updated the filter is initialized for the next time-update step.  More detail on 

the application of Kalman Filters to foot mounted personal navigation devices can be found in [6] and [9], 

more detail on Kalman Filtering can be found in [20]. 

4.2 TURNING DETECTION ALGORITHMEQUATION SECTION (NEXT) 

Accurate identification of straight line motion segments is key for the trunk attitude determination sub-

system operation.  If the onset of turning is not detected on the stride in which the turn occurs, the 

information about the trunk rotation is discarded.  That is, the trunk attitude, 1

Tr

s
,  used in equation 

(4.3.4) is only stored for one stride as shown in Figure 2-4 in order to minimize the contribution of gyro 

drift error that integrated into 

Tr

s
.   If the turning segment end is declared prematurely, the attitude 

update will introduce error.  This is because the assumption that attitude is constant is not valid.  The error 

in the attitude will be present is equal to the amount of angular motion not removed by the trunk attitude 

filter gain.  If, however, the turning segment end is declared late, error due to uncorrected gyro drift will 

accumulate.   

The thresholds for detection of turning motion presented here have been experimentally determined.  They 

are given in Table 2  and are consistent with an IMU using gyros with the error model parameters given in 

Table 1.  If a different IMU is used, the thresholds should be changed to be consistent with the error 

characteristics of the IMU/gyros used. 

Figure 4-1 is a high-level depiction of the turn detection sub-system.  The input to the detection logic are 

the estimates of T
, T , F

 and SW .  The first two of these are calculated by the trunk attitude 

sub-system as shown in Figure 9.  The remaining two are calculated from the outputs of the foot-mounted 

sub-system.  Figure 4-2 shows how they are calculated. 
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Figure 4-1 High Level View of the Turn Detection Algorithm 

Using the right foot as shown in Figure 5 as an example, the change in foot yaw over a stride between the 

(k+1)th and the kth step, , 1F k 
can be computed from the foot-mounted sub-system using the following 

equation: 

 , 1 , 1 ,F k F k F k        (4.2.1) 

Similarly, the stride width SW is determined by noting that it is equal to the perpendicular distance 

(relative to a line in the direction of motion) the foot travels from ground-contact to ground-contact.  It can 

be computed using the position vector estimates, 
NED

p
, made by the  EKF in the foot-mounted system 

using the following equation: 

 

    1 1
ˆNED NED NED NED

k k k kSW     p p p p u   (4.2.2) 

 

where is the unit vector û  is parallel to the line connecting the foots position at time step k and k-1.  

Mathematically, this is given by: 

 1

1

ˆ
NED NED

k k

NED NED

k k










p p
u

p p
  (4.2.3) 

The stride width can be thought of as the magnitude of the observed change in NED direction made over 

the stride minus the predicted change in NED direction if the person were to continue walking in a straight 

line. 
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Figure 4-2 Illustration of a turning stride 

The input turning detection parameters from the torso can be computed with the aid of Figure 4-3 and 

Figure 4-4.  The change in trunk roll over a stride is computed from the output of the trunk mounted x-

gyroscope as shown in Equation (4.2.4). 

 , 1 ,

Tr Tr Tr

RFC k RFC k       (4.2.4) 

  

 

Figure 4-3 The definition of the change in trunk roll parameter 
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Figure 4-4 Illustration of the change in trunk heading 

The change in trunk yaw over a stride is computed from the output of the trunk mounted z-gyroscope as 

shown in equation (4.2.5). 

, 1 ,

Tr Tr Tr

RFC k RFC k    
  (4.2.5) 

After the computation of these parameters over a stride segment the absolute value of each parameter is 

compared to a threshold.  If two out of four parameter values shown in Figure 4-1 are greater than their 

specified threshold shown in Table 2, motion is considered to be straight line motion, otherwise a stride is 

considered to be turning motion.   These thresholds are determined experimentally from data for the eight 

subjects and is shown. 

 

Table 2 The turning threshold parameters 

 

 

By eliminating strides that have out of characteristic parameters that show the effects of turning the 

possibility of filtering out real motion through the attitude update filter is reduced.  The attitude threshold 

parameters function like a measurement rejection test in a Kalman Filter for the attitude filter even if no 

other parameters indicate a turn.  That is if the individual attitude parameter is larger than its threshold that 

measurement is not processed. 
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4.3 NAVIGATION INCORPORATION OF TURNING DETECTION 

ALGORITHMEQUATION SECTION (NEXT) 

To form the attitude measurement for the current right foot contact, which is effectively used to constrain the 

motion of the trunk to a straight line path, the initial attitude must be known.  The initial attitude of the trunk 

is assumed to be known before the user enters a GNSS-denied area.  At the start, this attitude is used to 

initialize the trunk sub-system.   

After initialization of the trunk attitude, the next step is to integrate the trunk mounted three axis gyroscope 

outputs to compute the change in trunk attitude over the period between the stride start and stride end.  For 

each IMU sample, k, with 1s k st t t    the attitude is updated from the IMU output using equation (4.3.1) 
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  (4.3.1) 

With the transformation between body rate and Euler rate as shown in equation (4.3.2). 
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  (4.3.2) 

  

The quantity / , 1

Tr

Tr NED k  is the IMU measured trunk angular rate with Earth Rate removed as described in 

[11] .  

For the pedestrian navigation application the transport rate of the angular rate can be neglected since the 

maximum velocity is around 2 m/s.  This translates to a transport rate on the order of 
510 s   which is 

negligible when compared to the IMU noise shown in Table 1 and discussed later in the paper. 

After each IMU measurement is processed, the condition to declare the end of the stride is checked.  The 

end of a stride is declared if the following three conditions are satisfied:  The foot mounted INS system 

declares a ZUPT measurement is valid; it has been longer than 0.4 seconds since the foot mounted EKF 

system processed a ZUPT measurement; and if the difference between the position solution calculated at 

the previous ZUPT and the current position is greater than 0.2m.  If these conditions are satisfied the, the a 
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priori orientation of the trunk at the end of the current stride is set to the quantity that has been computed 

using the IMU update as shown in Equation (2).  That is, 

 , , , ,
T T

Tr Tr Tr Tr Tr Tr

s s s k k k                (4.3.3) 

If a turn is detected the a priori estimate of the attitude becomes the a posteriori estimate used to initialize 

integration of the gyroscopes for the next stride.  This effectively makes the system run without 

measurement updates until the next straight line walking stride is detected.  If no turn has been detected the 

trunk attitude of the previous stride is used to compute the a posteriori attitude as the sum of the a priori 

attitude estimate and a portion of the bias that is dependent on ss, which is the number of straight strides that 

have been detected at the current measurement update. That is, 
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   (4.3.4) 

    

The gain K determines how much feedback should be applied to the system. If K = I3x3 (the identity 

matrix), the system would apply all of the average bias to the current stride making the attitude equal to the 

attitude of the trunk at the previous stride end plus an angle bias term that comes from the averaged angle 

difference over all straight strides through the current stride.  If the gain is zero, no feedback is applied to 

the system and open loop integration occurs.   

For the validation experiments described later in the paper, a K matrix that was calculated in the following 

manner was used:  It is based on the measured deviations of the variation in attitude parameters over strides 

determined to be straight line motion.  That is, 
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  (4.3.5) 
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where 
2

ol  is the square of the open loop error accumulated over an average period of time without 

measurement updates computed  using Equation (4.3.6).  Mathematically, this is given as  

 
2 2 2

ol ( t ) ( t  )g stride wg striden n        (4.3.6) 

where n is the number of strides since the last attitude update, g is the gyro bias which is assumed to be 

fully correlated over the strides and wg  is the wide band noise of the gyro which is assumed to be 

uncorrelated between individual strides. The quantities
2

s



,

2

s



, and 

2

s



are the square of the 

standard deviations of average roll, average pitch and average yaw differences over a stride. 
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  (4.3.7) 

The quantity 
s is the mean of the yaw parameter, 

s is the standard deviation of the yaw parameter 

determined from the set of data compiled in Table 3 (which, in turn, is determined from the baseline 

statistics of trunk roll and yaw changes in Figures 6 and 7), and ss is the number of straight strides that have 

been detected at the current measurement update.  The 1.2 is an inflation factor applied due to the 

distribution of the yaw angle change over a stride being non-Gaussian as shown in Figure 2-1.  Both the 

average pitch and average roll standard deviations are computed using equation (4.3.7) with the mean and 

standard deviation quantities from Table 3.  

 

5 Algorithm Validation ResultsEquation Chapter (Next) Section 0 

This chapter describes the results of differencing the navigation parameters computed by the preceding 

algorithms from IMU data with the Vicon™ derived navigation quantities.  The comparison allows for 

assessment of the performance of the navigation algorithms since the Vicon™ system supplies an accurate, 

independent, and more direct measure of the navigation quantities of interest. 

5.1 TRUNK ATTITUDE DRIFT REDUCTIONEQUATION SECTION (NEXT) 

In assessing the performance of the algorithm developed in this paper, the first thing we need to do is to 

verify whether the assumption about the variations of T  and T during straight line walking is valid.  

Table 3 provides a summary of the statistics for these and other relevant parameters.  Note that the mean and 

standard deviation of the trunk roll parameter are lower than the mean and standard deviation of the trunk 



43 

yaw parameter.  We believe that this makes intuitive sense because the trunk of a person is free to rotate 

about the yaw axis and still be able to follow the bulk motion of the trajectory.  On the other hand, if the 

trunk were to consistently have a mean roll angle change over stride the person would fall to the ground due 

to the effects gravity has on a person’s trunk with a large roll angle.   

Another critical piece of data in Table 3 is that the gyro sum standard deviation over stride.  This is the 

amount of error that is expected if integration of the gyroscopes is relied on to track attitude.  This number is 

equal to 0.47°, which is less than the trunk yaw change mean, trunk roll change mean, and trunk pitch change 

mean over the stride.  This implies that the error expected to accumulate from relying on the constraint that 

the orientation has not changed over strides determined to be straight is less than the error expected from 

relying on open loop integration of the IMU’s gyroscopes for attitude. 

 

Table 3 The Statistics of the Change in Trunk Angles Over a Stride 

Parameter Value 

Trunk Yaw Change Mean -0.17 ° 

Trunk Yaw Change Stdv 1.73° 

Trunk Roll Change Mean 0.06° 

Trunk Roll Change Stdv 1.37° 

Trunk Pitch Change Mean 0.11° 

Trunk Pitch Change Stdv 1.25° 

Gyro Sum Stdv Over Stride 

 

0.47° 

 

For all runs that contained trunk Vicon data, trunk IMU data, and foot IMU data the trunk attitude 

determination algorithm was run using the IMU and compared to the orientation produced by the Vicon 

system.  The key metric for the runs is percent yaw error reduction at the end of the run which is computed 

as the yaw error of the open loop minus the yaw error computed using the method defined in the paper all 
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divided by the yaw error of the open loop.  This is then multiplied by 100 to get a percent value.  Table 4 

shows that the majority of the runs are improved by applying the presented algorithm.  However there are 

some runs where the improvement is not statistically significant.  This is because the rate of heading change 

in some of the trajectories was smaller than the error expected due to gyro drift. 

 

Table 4 The average trunk yaw angle error reduction at the end of run by participant 

Participant Number of 

runs with all 

data present 

Average % Trunk 

Yaw Angle Error 

Reduction at End of 

Run  

2 2 25% 

4 1 6% 

5 2 55% 

6 1 2% 

8 3 63% 

Figure 5-1 shows the path of the right foot measured by the foot mounted ankle dot traveled by subject 8 

during trial 5 (refered to as trial 805).  This particular trajectory is representative of those trajectories that 

showed improvement in yaw error reduction through applying the trunk attitude constraint.  Minimal out of 

plane motion is present during the straight segments and the turn segments are very compact.   
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Figure 5-1 The true path of the foot traveled during a trajectory where heading accuracy was significantly 

increased by applying trunk attitude constraints 

Figure 5-2 shows the improvement made for the subject eight walking the trajectory shown in Figure 5-1.  

Note that any areas of the plot shaded in grey are where the Vicon system was marked unhealthy.  At the end 

of the run the error in the unaided or open loop case shown in blue is around 12°, but the error in the aided 

case using trunk roll, pitch and yaw constraints is 4° for a 66% yaw error reduction.  The manner in which 

the drift decrease is important to observe as well.  In the beginning of the run additional error was produced 

by the algorithm since the first few strides appear to be curving motion, but  by the end of the run the rate of 

change of the yaw error is very low meaning that the algorithm has successfully been able to estimate the 

bias of the gyroscopes that combined integrate into the yaw axis error (note that in this case that was almost 

exclusively the z-axis gyro due to the trunk IMU mounting configuration show in Figure 3-7) 

 

Figure 5-2 The comparison of trunk attitude error relative to the Vicon reference system 

The change in trunk yaw against the stride number is shown in Figure 5-3, the raw trunk yaw change over a 

stride is plotted in blue and the moving average of trunk yaw change over stride is plotted in green.  This plot 
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shows that although on a stride to stride basis there is significant variation the mean value of the deviation 

over the stride settles to the low frequency component caused by the gyroscope drift.  This is the parameter 

that is then multiplied by the gain plotted in Figure 5-4 and then fed back to correct the attitude in equation 

(4.3.4). 

 

Figure 5-3 The change in trunk yaw over strides vs. stride number 

In Figure 5-4 we plot the gain for this feedback during trial 805.  This plot illustrates that the gain is low 

initially due to the low number of measurements of change in trunk attitude over stride.  As the number of 

attitude measurements increases the gain increases since the mean of the change in trunk yaw is known better 

due to more samples to observe the straight line motion.  Notice however that as the number of strides 

increases the gain will reach a steady state value that is not one since there is some uncertainty that the 

trajectory of the person is actually a straight line.  The uncertainty of linear motion for a person is determined 

in this experiment to be the mean of the full set of yaw data collected in Table 3.  In effect this is adding 

process noise in the trunk attitude filter systems which add additional uncertainty to the ability of the 

estimator to retain information about the direction of travel.   

0 5 10 15 20 25
-3

-2

-1

0

1

2

3

 

 

X: 17

Y: 0.4548

Straight Stride Number


 

T
rO

v
e
r 

S
tr

id
e
 (

°)

Change in Trunk Yaw Over Stride Trial 8 Participant 5


Tr

 


Travg



47 

 

Figure 5-4 The filter gain as a function of stride number for trial 805 

As shown in Table 4 there were a number of runs where performance was not able to be significantly 

improved.  These runs were all very similar to trial 205 which has a path shown in Figure 5-5.  Compared to 

the trajectory measured in by trial 805 shown in Figure 5-1 both the North/East and South/West directions of 

travel were shorter by about 2 m or about 1 stride each.  Also, the trajectory was more curved in nature than 

the trajectory ground track taken by the participant in trial 805.  These factors contributed to less straight line 

motion segments and limited the amount of data available to measure average attitude deviation caused by 

the gyroscopes over strides.   

 

 

Figure 5-5 The path of a run where the heading error reduction method was ineffective 

Figure 5-6 shows the time history of the yaw angle error for the unaided open loop integration in blue and 

the trunk attitude constraint method of aided closed loop in red.  This particular trial had a combination of 

very limited number of straight line segments which is evident by the closeness of the red and blue curves in 
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the figure.  Also evident in Figure 5-6 is some periods of time where real trunk yaw motion is removed by 

the attitude filter and added back between the time into run of 25-33 seconds.  The error in the attitude initially 

decreases suddenly at 25 seconds in and then comes back at 33 seconds in.  This is an example of where real 

motion is eliminated by the hard cutoffs of the algorithm at 3.5° of yaw deviation over the stride. 

 

 

Figure 5-6 The yaw error for trial 205 which is a trial with limited performance improvement from the 

trunk attitude constraint algorithm 

5.2 FOOT MOUNTED SUB-SYSTEM NAVIGATION 

RESULTSEQUATION SECTION (NEXT) 

The foot mounted sub-system is used to determine the attitude measurement start and end points, stride 

width, and change in foot yaw over a stride that are used in the turn determination algorithm described in 

section 4.2.  The foot mounted method of personal navigation is also a commonly used tactic to reduce the 

drift of pedestrian navigation inertial navigation algorithms.  

5.2.1 Open Loop Navigation – Vicon Derived Inertial Data 

In order to check that the open loop integration algorithms are working the Vicon derived inertial data 

created by the methods described in section 3.3.3 is passed through the open loop inertial navigation 

algorithms described in section 4.1.2.  Since the Vicon derived inertial data does not have the measurement 

errors present in the IMU data any difference between the integration of the Vicon derived inertial data and 

the Vicon position must be due to integration algorithm errors. The blue trace in Figure 5-7 shows the 

North, East, Down position error vs. time and the black traces show the standard deviation of navigation 

with an IMU with error characteristics shown in Table 1.  Since the absolute value of the blue trace is so 

much smaller than the black traces the algorithmic error is sufficient to perform navigation with the IMUs 

used for this experiment.  This is especially evident in the velocity difference between the navigation 

algorithms and the Vicon velocity shown in Figure 5-8. 
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Figure 5-7 The difference between the integration of Vicon derived inertial data and Vicon position 
measurements 

 

Figure 5-8 The velocity difference between the open loop integrated Vicon derived inertial data and 
Vicon velocity 

5.2.2 Closed Loop Navigation – Vicon Derived Inertial DataEquation Section (Next) 

To make sure the closed loop navigation algorithms work as expected the algorithms are tested with the 

Vicon derived inertial data.  Figure 5-9 shows the closed loop velocity vs. time in the North (blue), East 

(green) and Down (red) traces.  The black dots indicate points where ZUPTs are declared valid.  This figure 

shows that as the navigation velocities go to zero during the stance phase the ZUPT updates are declared 

valid. 
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Figure 5-9 The NED velocity vs. time 

Figure 5-10 shows the position error vs. time for the integrated Vicon derived inertial data with ZUPTs 

active.  This plot shows that the position error drift is very minimal and is in line with the value the 

covariance predict (black trace) with the exception of the vertical axis where the gravity instability limits 

the accuracy of the solution. 

 

Figure 5-10 The NED position error vs. time for ZUPT closed loop navigation with Vicon derived 
inertial data 

Figure 5-11 shows the velocity error vs. time in each of the NED axes.  As expected the velocity errors are 

minimal due to the zero velocity resets.  The standard deviation values stay fairly small due to the constant 

measurements provided by the zero velocity conditions. 
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Figure 5-11 The velocity error vs. time 

Figure 5-12 shows the attitude error vs. time for the ZUPT closed loop Vicon derived inertial navigation.  

As expected the covariance values of the roll and pitch quantities do no grow with time since the ZUPT 

measurements allow for observation of these quantities but the yaw covariance does not decrease since 

ZUPTs do not observe the yaw quantity.   

 

Figure 5-12 The attitude error vs. time 

5.2.3 Closed Loop Navigation ZUPT Measurements – IMU Inertial Data 

The only difference between running the algorithms using the Vicon derived inertial data and the IMU is 

the additional errors present in the measurements of acceleration and angular rate.  Figure 5-13 and Figure 

5-14 show that the position error vs. time is very similar to navigation with the Vicon derived inertial up 

until the point around 3315 seconds into the run where the heading error exceeds the standard deviation and 
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the position error has a component of error that is significant in the axis perpendicular to the direction of 

travel that builds over time as the steps are projected in the incorrect direction. 

 

Figure 5-13 The position error vs. time for navigation with the IMU at 600 Hz iteration rate 

 

Figure 5-14 The heading error vs. time for IMU navigation of the foot 
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6 Conclusions and Future Work 

In this thesis a method of reducing the heading error drift for pedestrian navigation was developed and 

validated using data from eight healthy individuals walking paths similar to typical paths encountered in 

confined indoor spaces.  The average change in trunk roll, pitch, and yaw angle over stride across all 8 

subjects was shown to be zero mean to within the repeatability of the integrated gyroscope turn on to turn on 

bias for strides determined to be straight line motion.  This is a significant finding since it shows that 

pedestrian turn detection leads to precise enough information to be used in attitude aiding of a trunk mounted 

IMU.    

The heading error relative to Vicon® reference results showed that the algorithm significantly reduced the 

errors in heading drift relative to simple open loop gyroscope integration for six out of nine trials and 

minimally reduced the errors for the other three trials.  These results indicate that the method of heading drift 

reduction developed in this thesis is a candidate to augment a pedestrian navigation system. 

The method of heading drift reduction is based on the heuristic constraint that in indoor environments 

individuals tend to walk along straight line paths since buildings are generally constructed as series of straight 

corridors.  The paths traveled by the participants in the experiments used to validate the experiment are the 

most confined paths for potential application of indoor navigation and the method of reducing the yaw error 

still reduced the yaw error an average of 40% relative to open loop yaw determination using gyroscope 

integration alone for nine paths walked by six different subjects.  The confined nature of the environment 

used is due to the restrictions imposed by the Vicon® measurement system and represents one of the smallest 

paths where this measurement assumption can be used. 

The experiment developed in this work made use of an established method of tracking motion indoors for 

comparison to the experimental algorithms developed in this work to aid heading estimation for a trunk 

mounted attitude reference system.  This experiment incorporated many novel techniques to align the Vicon 

and IMU measurements in time and coordinate space resulting in a unique data set to evaluate personal 

navigation algorithms under the trajectory restrictions of the experiment. 

Future work 

Perform integrated INS/Vicon Navigation system to eliminate turn on to turn on repeatability impact on 

turning results.  Since the Vicon data alone has dropout issues during turns the IMU would complement the 

Vicon during turning segments and determine the limits of mean motion more accurately. The outcome of 

the integration would also compute trunk gyro bias values which could be compared to the value predicted 

by the drift reduction method. 
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The method of reducing the yaw gyroscope drift of the trunk mounted attitude heading reference system is 

based solely on difference in attitude between the initial contact point of the foot to the ground at the current 

stride and the previous stride since each foot contact point is at a common location in the periodic motion of 

the upper torso.  Comparing more points in the periodic motion may provide extra information about the 

trajectory being traveled and the gyroscope drift errors. 

The nature of the experiment constrained the trajectories to a small path that is much more confined than the 

typical indoor navigation environment.  This leads to very few straight strides to observe the drift in the z-

trunk gyroscope, potentially leading to lower performance than in a less confined navigation environment.  

Any future experiment performed should be conducted in a less confined space more representative of 

buildings where navigation information is desired. 

The data collected from the experiment described in this thesis is useful for comparison of Navigation 

algorithms to a known truth. This can serve as a generic platform to evaluate Personal Navigation algorithms 

on different body parts.  The general methods presented for combined processing of Vicon and IMU data can 

be used for working toward elimination of ‘data set’ or trajectory ambiguity in personal navigation papers. 
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8 AppendixEquation Chapter (Next) Section 1 

8.1 EXPERIMENT NOTES 

Analysis of Human Gait during Turning Motion  

Experiment Set Up 

Experiment Equipment:  

6 Bluetooth Wireless Inertial Measurement Units (IMUs) 

Computer or wireless device with Bluetooth logging software for IMUs 

Charging stations or cords for wireless IMUs 

Velcro mounting straps for IMUs 

Flat surface for IMU start-up 

Vicon Motion Capture System including markers and data logging computer 

Flat open floor space within range of Vicon Motion capture system 

 

Procedure: 

Place the 6 fully charged wireless IMUs on a flat surface 
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Open the Bluetooth IMU V2 Multi-Logger on the IMU logging computer 

Turn the IMUs on by toggling the on switch after which a green light should flash on 

each IMU 
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From the Bluetooth IMU Logger select the Connect All button
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Wait for a successful connection indicated by a blue light on the IMU and a status of 

Connected! on the logger screen 

Once the IMU is connected select 100 under the All Rates pull down menu 

Select the Config All button in the upper right corner of the Bluetooth IMU Logger 

Screen 

Wait for the Status of the IMU to go to Configuration Sent! 

Select the desired log directory for the IMU data - Name the end folder with subject 

number and the label Initial_Calibration 

Check the Log All radial button 

Log data for approximately 60 seconds 

Uncheck the Log All radial button 

Attach the right foot IMU (labeled Right Foot ) as shown in Figure  IMU (6) 

Attach the right ankle IMU (labeled Right Leg 1)  as shown in Figure  IMU (5) 

Attach the right thigh IMU (labeled Right Thigh) as shown in Figure  IMU (4) 

Attach the lower torso IMU (labeled Lower Torso 1) as shown in Figure  IMU (3) 

              Attach the right arm IMU (labeled Right Arm 1) as shown in Figure  IMU (2) 

Attach the upper torso IMU (labeled Upper Torso 1) as shown in Figure  IMU (1) 
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Figure 4. The Mounting Orientation of IMUs on the participant (1) Upper Torso IMU (2) 

Right Arm IMU (3) Lower Torso IMU (4) Right Thigh IMU (5) Right Leg IMU (6) 

Right Foot IMU 

[Physical Therapist] Attach the standard set of markers for tracking lower body and torso 

motion tracking 

[Physical Therapist] Place markers just above and below two diagonal corners of each 

IMU 
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Trial Portion 

Have the subject move to a side of the Vicon tracking area 

Once all of the markers are active begin logging Vicon data and IMU Data by checking 

the Log All button - make sure the file is named descriptively with the subject number 

and the type of trial being done 

 

Have the subject jump in the air to begin the trial portion of the experiment 

 

Have the subject remain as still as possible for a 5 second period 

 

Dynamic Trial Portion 

 

Have the subject walk back and forth in a straight line at a normal walking pace to the 

end of the Vicon Tracking area and back to the starting point 10 times 

Repeat steps 20-23. 

10.   Collect 3  turning trials of 10 circles of the testing area per trial with the participant 

making a 45° degree turn in the middle of the testing area 

a.      Trial 1 – Slow Walking 

b.      Trial 2 – Free Speed Walking 
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c.       Trial 3 – Fast Speed Walking  

Repeat steps 20-23. 

11.   Collect 3  of turning trials of 10 circles of the testing area per trial with the 

participant making a 90° degree turn near the end of the testing area 

a.      Trial 1 – Slow Walking 

b.      Trial 2 – Free Speed Walking 
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c.       Trial 3 – Fast Speed Walking  

Repeat steps 20-23. 

12.   Collect 3  of turning trials with the participant performing 10 s-turns (one turn is 

pictured and the end of each sequence the participant will stop, turn around and repeat) 

a.      Trial 1 – Slow Walking 

b.      Trial 2 – Free Speed Walking 
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c.       Trial 3 – Fast Speed Walking  

 

 

   [Technician] Back up data  

 

8.2 MATLAB CODE 

 

The Matlab code and data is available upon request.  Please e-mail me at jake0013@umn.edu or 

jake006725@gmail.com to request the code. 
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