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ABSTRACT 

The Balance Error Scoring System (BESS) test is a commonly used tool for assessing 

static postural stability after concussion that quantifies compensatory arm, eye and trunk 

movements. However, since it is scored by clinician observation, it is potentially 

susceptible to biased and inaccurate test scores. It is further limited by the need for 

properly trained clinicians to simultaneously administer, score and interpret the test. Such 

personnel may not always be available when concussion testing is needed such as at 

amateur sporting events or in military field situations. In response, we are creating a 

system to automatically administer and score the BESS in field conditions. The system is 

based on the Microsoft Kinect, which is an inexpensive commodity motion capture 

system originally developed for gaming applications. The Kinect can be interfaced to a 

custom-programmed laptop computer in order to quantitatively measure patient posture 

compensations for preventing balance loss such as degree of hip abduction/flexion, heel 

lift, and hand movement. By (a) removing the need for an adequately trained clinician, 

and (b) using rugged off-the-shelf system components, it will be possible to administer 

concussion assessments outside of standard clinical settings. Future work will determine 

whether the system can reduce score variability between clinicians.  
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CHAPTER 1 

INTRODUCTION 

The purpose of this research is to create a system that automatically administers 

and scores the Balance Error Scoring System (BESS) test, which is commonly used by 

clinicians to measure balance. The system uses the Microsoft Kinect to track body 

position and customized software to quantify loss of balance during the test. The system 

has been developed as a tool for quantifying concussion severity. 

Post-concussive symptoms are hard to diagnose and typically require specialized 

knowledge or expertise. Symptoms such as changes in senses, balance, coordination, 

concentration, reaction time, memory, personality, and orientation are typically examined 

to diagnose concussion after sustaining an impact. Current tests cannot reliably identify 

concussions, and predicting the time course of recovery remains challenging [1]. This is 

especially significant since the brain is more susceptible to subsequent concussions while 

still recovering from a primary one [2]. Multiple concussions are correlated with both 

more severe symptoms and slower recovery. In many instances, a lack of available 

trained experts for administering concussion tests can leave these injuries undiagnosed, 

thereby putting the individual at risk for further injury. Therefore, a robust, inexpensive 

computer-based system for quantifying concussion, based on accepted clinical standards, 

is a good idea and forms the basis for this thesis.  

The system objectively implements the well-established Balance Error Scoring 

System (BESS), which is a portable, cost-effective and reliable method of accessing static 

postural stability commonly used to assess sport-related concussion. Although the BESS 

is generally accepted by the clinical research community, some concerns exist regarding 
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the inter- and intra-rater reliability of the manual scoring, as it is typically performed by a 

specially trained clinician. The designed automated system combines motion-tracking 

technology with custom-designed software to conduct and score the BESS test. By using 

a well-calibrated, software-driven approach for quantifying balance faults, the system 

aims to reduce the problems that arise when manually scoring the BESS test, thus 

enhancing its reliability. 

The system design incorporates the Microsoft Kinect, which tracks human motion 

in real time, and image processing software for interpreting the tracked motion. The 

Kinect integrates a built-in video camera, depth camera and an infrared sensor, as well as 

on-board software for real-time “skeleton” tracking. It can be interfaced with a standard 

personal computer to provide real-time data acquisition for further computing. Software 

algorithms are written in Matlab to measure changes in posture and to detect postures that 

are out of the limits considered as error for the BESS test. The system tabulates the 

posture errors and produces a final aggregate BESS score. 

The system is studied on five healthy adults ranging from 20 to 39 years of age 

(three male, two female). Participants performed the automated test while gradually 

introducing similar specific errors. Participants were instructed to imitate the movements 

shown in a guide video in order introduce specific errors for properly testing and 

calibrating the system. In total, the BESS was administered six times on each participant, 

each time with varying degrees and types of errors. The results were used to calibrate the 

system by fine-tuning various thresholds and error margins in the code. Software-

calculated BESS scores were compared to manually derived scores, not by clinicians but 

the intended end users, based on video recordings of the testing sessions. 
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In conclusion, an automated system has been created that administers and scores 

the BESS test, allowing the clinicians to focus more on guarding the patients for safety. 

The system is based on an extensible framework to support future expansion and 

development. 
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CHAPTER 2 

BACKGROUND 

Brain Injury and Concussions 

Concussion is defined as, “a complex pathophysiological process affecting the 

brain, induced by traumatic biomechanical forces” [3]. A concussion occurs when the 

head hits or is hit by an object, or when the brain is jarred against the skull, with 

sufficient force to cause temporary loss of function in the higher centers of the brain, not 

necessarily related to a pathological injury. Concussion is highly prevalent and cases of 

multiple concussions are increasing a lot due to lack of reliable diagnostic techniques and 

knowledge of post-concussive symptoms. The World Health Organization (WHO) has 

estimated that between 70% and 90% of head injuries that receive treatment are 

concussion. They have also documented that the reported incidence of concussion may be 

artificially low, for e.g. due to underreporting or failing to assess post-concussive 

symptoms reliably [4] [5]. According to Center of Disease Control (CDC), approximately 

3.8 million sports and recreation-related traumatic brain injuries (TBI’s) occur in the 

United States each year, of which 75% are concussions [6]. Furthermore, it is estimated 

that anywhere from 8-23% of military personnel deployed to Iraq and Afghanistan may 

have sustained a traumatic brain injury owing to concussive injuries secondary to 

explosions and other military-related accidents [7]. Concussion is not limited to contact 

sports or military, but brain injuries due to auto accidents, falls, assaults, work-related 

concussions, or other mechanisms of injury in all age groups also account for concern [4] 

[8]. 
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TBI severity is usually categorized into mild, moderate, or severe, with the most 

common being mild traumatic brain injury (mTBI), also commonly known as concussion. 

TBI is either a reversible or a static encephalopathy that can produce long-term health 

consequences [9]. Epidemiological studies and clinical research suggests that multiple 

TBI’s are associated with increased risk and severity of TBI sequel in turn increasing 

risks of inducing concussions. 

The brain is a three pound organ floating in cerebral spinal fluid (CSF) that acts as 

a shock absorber for minor impacts. A direct blow to the head, or an indirect blow to the 

body results in neurological impairment or concussion that can often resolve 

spontaneously. As shown in Figure 1, the impact rapidly accelerates the head, causing the 

brain to strike the inner skull and with secondary impacts when the brain decelerates and 

stops its motion by hitting the opposite side of the inner skull. Two common scenarios 

that lead to concussion are direct blow to the head or whiplash effect to the neck and 

when the head rapidly rotates from one side to another. In either case, delicate neural 

pathways in the brain are damaged, causing neurological disturbances. Several common 

features that incorporate clinical, pathologic and biomechanical injury constructs that 

may be utilized in defining the nature of concussive head injury include:  

1. Concussion may be caused either by a direct blow to head, face, neck or 

elsewhere on the body with an “impulsive” force transmitted to the head. 

2. Concussion typically results in the rapid onset of short-lived impairment of 

neurologic function that resolves spontaneously. 

3. Concussion may result in neuropathological changes but the acute clinical 

symptoms largely reflect a functional disturbance rather than a structural injury. 
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4. Concussion results in a graded set of clinical symptoms that may or may not 

involve loss of consciousness. Resolution of the clinical and cognitive symptoms 

typically follows a sequential course however it is important to note that in a 

small percentage of cases however, post concussive symptoms may be prolonged. 

5. No abnormality on standard structural neuroimaging studies is seen in concussion. 

 

Figure 1: Mechanism of closed head injury [10] 

Concussion, typically affects memory and orientation, which may involve loss of 

consciousness [6]. Concussion related impairments usually reflect a functional 

disturbance to the brain, and may impact physical symptoms (e.g., headaches, nausea), 

‘cognitive’ functions (e.g., difficulty in concentration or memory), emotional health (e.g., 

irritability, sadness), and maintenance functions (e.g., sleep disturbances, changes in 

appetite or energy levels). Concussions are the most common form of head injuries 

among athletes with consequent high morbidity rates. Sports-related concussions may 

lead to changes in vascular regulation, and other neurometabolic processes that lead to 
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chronic or life-threatening consequences such as second impact syndrome [2]. The 

majority (80-90%) of concussions impairments resolve in a short (7-10 day) period, 

although the recovery time frame may be longer in children and adolescents [3]. There 

are still chances of impairments resulting post-concussion syndrome (PCS), which is a 

poorly understood and typically non-life threatening condition that occurs when 

concussive symptoms are prolonged for weeks or potentially months after the injury. 

Second impact syndrome is a disorder where the brain swells rapidly due to a new 

concussive impact before the symptoms from an earlier concussion have subsided. It is 

more life threatening and differs significantly from post-concussion syndrome. Multiple 

concussions are associated with more severe symptoms with slow post-concussion 

recovery. Researchers reported that athletes demonstrated a significantly slower 

restoration of balance and acutely impaired cognitive performance after incurring a 

second concussion and multiple concussions [11]. 

A study also reported that athletes with a history of more than three concussions 

took longer to recover on verbal memory, had slower reaction times, and had a greater 

number of migraine-cognitive-fatigue symptom clusters than athletes with 1 or no 

previous concussion [11]. History of concussion injury is often a risk factor for future 

injury, which increases severity making prevention critical. 
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Concussion Testing 

Recognizing concussion and differentiating it from other diagnoses is a critical 

clinical challenge [12] [13]. Clinical strategies for the diagnosis and management of 

concussion have evolved considerably over the past decade [14]. There has been a trend 

towards developing more sophisticated and individualized approach to manage this injury 

[15]. The diagnosis of concussion usually involves the assessment of a range of domains 

including clinical symptoms, physical signs, cognitive impairment, a neurobehavioral 

features and sleep disturbances. Furthermore, a detailed concussion history is important 

part of the evaluation both in the injured athlete and when conducting a preparticipation 

examination. Based on the post-concussive symptoms, contemporary concussion 

management strategies emphasize multiple diagnostic elements that includes clinical 

history, side-line evaluation, neuropsychological testing, and neuroimaging [14].  

The side-line assessment evaluates effects of concussion on basis of self-reporting 

of symptoms and functional limitations of patients’ cognitive performance observed by 

physician or certified athletic trainer. Such patient reported outcomes provide important 

data but are prone to subjective bias. Thus, different concussion grading models, like the 

Torg concussion grading guidelines and the University of North Carolina’s concussion 

grading system have been developed that recognize the level of severity of post-

concussive symptoms identified.  

Imaging modalities like CT scans, MRIs, and PET scans are effective in 

determining structural abnormalities in the brain after a traumatic injury. Most imaging 

methods can reveal skull fractures and internal bleeding or lesions in the brain, and can 

be informational if the patient is experiencing prolonged symptoms after days and/or 
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weeks following the injury. However, since concussion is often characterized by 

functional or metabolic damages in the brain, imaging is usually not sensitive enough to 

diagnose concussion. Testing typically requires cognitive and postural stability tests to 

assess the severity and extent of any damage.  

Neuropsychological assessments have played an increasingly prominent role in 

concussion management. They are designed to measure cognitive skills and abilities such 

as problem solving, memory, concentration, impulse control, and reaction time and 

allows to gather evidence-based, comprehensive data on cognitive functioning before 

(i.e., baseline test) and after a concussive injury (i.e., post-injury test). Computer-based 

neurocognitive tests like Immediate Post Concussion Assessment and Cognitive testing 

(ImPACT), HeadMinder and CogSport, are developed which measures symptoms like 

attention, reaction time (0.01 of a second), memory and processing speed by the patient. 

The computerized programs measures multiple aspects of cognitive functioning including 

word discrimination, design and working memory, visual attention span, symbol and 

color matching, and non-verbal problem solving. Non-computerized neurocognitive 

testing like Standard Assessment of Concussion (SAC) and the Trial Making test are 

additional methods performed for a quick neurocognitive testing of patients prior to 

concussion in order to gather objective baseline data. This baseline data can be used to 

determine the degree of recovery and provide appropriate guidelines for return-to-play 

decisions. Coordination assessments methods are also designed which requires the 

integration feedback of sensory motor neurons for maintaining balance, center of 

pressure, eye movement, sensing etc. Tests developed using this method are the Romberg 

test, Tandem test, Finger-to-nose test, Proprioceptive test, Serial seven test, Past-pointing 
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test and the BESS test [13]. These tests include ranges of task difficulties, requiring 

expert clinician to administer subjects’ ability to resist loss of balance and coordination. 

Any inability to remain steady and control proper balanced position indicates dysfunction 

and an “error” for the test. The number of errors occurred during the test reflects the 

severity of post-concussive symptoms. 

The most commonly used clinical tests for diagnosing concussion are ImPACT, 

BESS, and SAC. A recent international consensus statement on concussion in sport 

recommended that the balance component is a reliable addition to the assessment of 

concussions [16]. Instrumental testing devices, like force plates, SOT, and Neurocom, 

attempt to objectively measure balance and are becoming the gold standard of balance 

testing. An equilibrium score can be calculated on the basis of a person’s limit of stability 

[17]. However, in absence of this expensive, sophisticated postural stability assessment 

tools, methods like Balance Error Scoring System (BESS) provides a portable, cost-

effective, and objective method of assessing the effects of mild head injury or static 

postural stability [18]. A study suggests that there is poor concurrent validity among these 

commonly used tests and there are no baseline scores for prediction of concussion and 

thus, fail in prevention of multiple concussion [19]. 

BESS Test 

The BESS test was developed by researchers and clinicians at the University of 

North Carolina’s Sports Medicine Research Laboratory [17]. Postural stability tests like 

the BESS are useful tools for objectively assessing the motor domain of neurological 

functioning, and should be considered a reliable and valid addition to the assessment for 

concussion [16]. It is commonly used by researchers and clinicians to evaluate balance 
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stability, which involves feedback from somatosensory, visual and vestibular systems to 

achieve steadiness [17]. The test systematically disrupts the sensory selection process by 

altering available somatosensory and/or visual information while measuring the ability to 

minimize postural sway [3]. A research study suggests that the reliability of the BESS 

ranges from moderate (< 0.75) to good (> 0.75) [17]. With such a wide range reliability, 

it is suggested that the average of three BESS administrations in a single session should 

be used to improve reliability. The BESS validity depends on the testing condition, with 

better level of agreement for difficult stances (single-leg foam, tandem foam), compared 

to easier stances (single-leg firm, double-leg foam). The BESS has high content validity 

in identifying balance deficits in concussed and fatigued populations [17], as score 

increases with concussion, functional ankle instability, external ankle bracing, fatigue and 

age. 

The BESS test comprises of six test conditions consisting two sets of three 

stances: double-leg stance (hands on hip and feet together), single-leg stance (standing on 

the non-dominant foot), and tandem stance (non-dominant foot behind the dominant 

foot). The stances are performed with eyes closed on a firm surface and again on a foam 

surface, as shown in Figure 2. The purpose of the foam pad is to create an unstable 

surface and a more challenging task, which varies by body weight. Each condition is a 

20-seconds trial scored by counting the balance errors, or deviation from the proper 

stance position, accumulated by the subject. 
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Figure 2: Firm/Ground testing- A. double-leg stance. B. single-leg stance. C. tandem stance. 

Foam testing- D. double-leg stance. E. single-leg stance. F. tandem stance [17]. 

Errors: An error is counted when any of the following occurs: 

1. Moving the hands off the iliac crests (hips) 

2. Opening of eyes 

3. Step stumble or fall 

4. Abduction or flexion of the hip beyond 30 degrees 

5. Lifting the forefoot or heel off the testing surface 

6. Remaining out of the testing position for greater than five seconds. 
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The BESS test should be administered and scored by an expert clinician. The 

maximum number of errors counted for any single condition is ten. Furthermore, subjects 

who are unable to maintain the stance for more than five continuous seconds are directly 

assigned the worst-case score (ten) for that particular testing condition. An equilibrium 

score is calculated out of 60 points for the BESS test on basis of the balance errors 

detected by the clinician. A score that is 25% above a subject’s baseline score indicates 

cerebral dysfunction. As certified athletic trainers are often the first responder for an 

athlete who has sustained a sports-related concussion, unavailability of the trainer may 

lead to improper evaluation and management skills that can place the athlete at an 

increased risk of permanent brain injury. Thus, the BESS test depends on administers 

level of knowledge to assess static balance. The application of machine vision using the 

latest motion sensing technologies is a promising research path that can increase the 

BESS test reliability while allowing the trainers to register errors for sub-typing in order 

to reduce bias. 
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Motion Sensing Technology 

Clinicians continue to look for convenient tools that can provide accurate and 

rapid information to assist in evaluating concussions, as well as effective ways to access 

and track post-concussion recovery. Today there is an emerging trend towards using 

video games as means of increasing patient engagement in physical therapy and 

rehabilitation. This trend is primarily driven by the newest generation of cheaper 

consumer console systems, like Nintendo Wii Balance Board, Sony PlayStation Move, or 

Microsoft Kinect, which use motion-based controls or depth data to communicate and 

send motion-based data to the interface. However, clinical research into the efficacy of 

these systems is hindered by the inability to automatically collect the information from 

systems and software which are not intended for physical examination purpose. These 

systems are not designed to interact or detect any kind of movement disabilities and are 

not at all used for this purpose. But these systems can be modified and designed to be 

automated for the use in clinical research. The advantages of automation increases the 

accuracy and reliability of the test by decreasing the tendency of errors and also 

providing data for computerized mathematical calculations.  

Nintendo Wii Balance Board 

The Wii Balance Board (WBB) measures balance control enabling the creation of 

a portable, inexpensive balance assessment system that has widespread availability and 

possesses similar characteristics to a laboratory-grade force plate (FP) [20]. The Wii 

contains four transducers which are used to access force distribution and the resultant 

movements with center of pressure (COP). It has capacity for providing instant feedback 

and has potential for enhanced motivation levels. WBB has been integrated into the 
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rehabilitation programs of neurological patients with balance defects. Research has 

shown that WBB can reliably quantify the COP and compared COP data collected with a 

laboratory-grade FP, during a variety of balance tests. WBB exhibited excellent test-

retest reliability for COP path length assessments and possesses concurrent validity with 

a laboratory-grade FP [20]. It also reliably detect the postural changes associated with 

subtle variations in visual tasks in healthy elderly adults and revealed that WBB can be 

used to evaluate subtler, more fine-grained aspects of postural control, enabling clinicians 

to use it for accessing standing balance [21]. These studies provide enough data for using 

WBB to access the balance errors of concussion testing with the help of BESS test. 

However, clinicians do not have a programming or data management skills to take 

advantage and provide meaningful results of the collected data from WBB. Limitations of 

WBB relative to the Kinect are: It cannot “count” the kinematic errors and does not allow 

to refine stepping error detection. 

Kinect for Windows 

The Xbox Kinect was released in November 2010 by Microsoft to be used with 

their Xbox 360 console. The Kinect was intended as a gaming device to use with the 

Xbox 360, but it did not take a lot of time before the first open source drivers for 

connecting the Kinect to the computer was available. 
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Figure 3: The Kinect [22] 

In February 2012, the Kinect for Windows was released with its official drivers 

and dedicated Software Development Kit (SDK) which can run on any machine running 

Windows 7 or greater with a modern processor and at least 2GB of RAM [23]. Kinect for 

Windows features motion-control, voice commands and face recognition and is a direct 

competitor with the Nintendo Wii and PlayStation Move. Kinect does not require any 

hand-held remote control-device, which is different from the aforementioned Wii and 

Move, as both requires an infrared remote for positioning and movement detection. It 

consists of an infrared (IR) light source, IR light sensor, RGB camera, a microphone 

array, a motor to tilt the sensor and an accelerometer to detect the Kinect’s angle relative 

to the horizon. Both RGB and IR camera have a resolution of 640x480 pixels (VGA) and 

can deliver an image stream of 30 frames per second. Figure 3 shows the Kinect and the 

location of the different parts. For the depth sensor, the IR-emitter is to the left, while the 

IR-sensor is on the right. The Kinect uses a class ‘A’ laser to emit the IR light, and there 

is therefore no risk of eye injury while using Kinect. The “brain” in the Kinect is the 

PrimeSense’s PS1080 System on Chip [22]. As seen in Figure 4, PS1080 controls the IR 

emitter and receives input from the camera and microphones. The depth map are 



 

17 

 

calculated on the chip and all the sensor inputs are synchronized and sent to the host 

computer via USB 2.0 interface [24]. The field of view for the depth sensor is 57° in 

horizontal and 43° in vertical direction. The infrared light emitted from the Kinect is 

distorted through a filter, thus giving a “random” placement of the depth pixels. 

Microsoft reports that the Kinect has a playable range of 1.2m – 3.5 m [25], while 

PrimeSense reports that their sensor, that uses same technology can operate 0.8m – 3.5m 

[24]. The tilt of the sensor allows for ± 28° of movement in the vertical axis. 

 

Figure 4: Kinect Technical components [22]. 

To measure depth in its field of view, the Kinect uses structured light, or Light 

Coding™ as PrimeSense calls it. IR light with known pattern is emitted onto the scene, 

and when the light returns the observed pattern is used to calculate the depth. This is done 

internally in the Kinect by comparing the observed pattern to a reference pattern stored in 

the Kinect. The reported depth accuracy is 1cm at 2m distance, and the Kinect uses 11 

bits to represent the depth values, limiting the depth resolution to 211 = 2048 quantization 

levels [25]. 
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Computer vision is an important aspect for automated administration system. 

Since its release, researchers have done several studies on the Kinect and the quality of its 

measurements [26][27][28]. The strength of Kinect is its versatility; as it can detect 

motion and gestures which is achieved through natural user interface by motion- tracking. 

Proprietary algorithms developed by PrimeSense and Microsoft for the depth cloud not 

only allow recognition of human users within the field of view, but also calculation of 

joint positions and segment angles for the purposes of gesture recognition and command 

[26]. As shown in Figure 5, the skeleton tracking operates in two modes ‘default’ or 

‘near’ for skeleton tracking. The default mode is used for tracking standing figures that 

are within 1.2 and 3.5 meters away. Twenty joints are tracked on up to two individuals 

simultaneously. While it is capable of recognizing up to six people within its range of 

view. Near mode is designed for seated figures which tracks 10-joint positions ignoring 

those of the lower body and operates between 0.8 to 2.5 meters from the sensor [23]. 

 

Figure 5: Joint detection using Kinect (left)-default mode (right)- Seated mode [23]. 
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The application of Kinect to sport analysis and biomechanics seems obvious. The 

ability to scan has implications for fast body scanning to estimate body position using 

approaches similar to previous studies which have used scanning techniques to estimate 

these parameters [29]. Application of Kinect for administration of concussion becomes 

more attractive because of its ease of usage for prompt insight to clinical status as well as 

it’s very low cost compared to the amount of information that can be obtained from it. It 

provides, automated body tracking which shows applications in balance performance 

analysis in concussion management. As Kinect is capable of offering plausible results, 

with its high computational eligibility and modification possibilities, a system has been 

developed to conduct and administer the BESS test automatically. The algorithms 

designed in Matlab, allows to automatically track skeleton and its motion for advanced 

movement analysis [26]. 
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CHAPTER 3 

METHODOLOGY 

This research demonstrates application of the Microsoft Kinect to identify balance 

errors for administering and scoring the BESS test. A software application has been 

designed in Matlab that uses the Kinect to administer the BESS test. A block diagram of 

the method followed is given in Figure 6.The system consists of three main components: 

The Kinect, Software design, and BESS test administration. The following section 

explains each stage of the process. 

 

   
Figure 6: Block diagram of the automated BESS test administration system using 

Kinect. 
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The Kinect 

The Kinect can be configured to communicate directly to a third party software 

platform, such as Matlab, to provide information such as skeleton tracking of two people, 

body tracking of up to six people, and speech recognition from audio data for a given 

language. In order to enable the Kinect for motion-tracking, the KinectSDK and OpenNI 

libraries are installed, which allows data collection from fifteen articulation points of the 

subject. 

The Kinect’s accuracy for measuring the depth of an object in its FOV was 

studied. An object was placed at different known distances and the depth data obtained 

from Kinect was studied to measure its accuracy to detect true distance. The depth values 

obtained are noted down in Table- 1.  

Table 1: Distance measured using the Kinect depth camera. 

Actual 

Distance (m) 

Detected 

Distance (m) 

1.00 1.04 

2.00 2.05 

3.00 3.1 

4.00 3.97 

Kinect infers body position as a two-stage process: computing a depth map (using 

structured light), then inferring body position (using machine learning). The depth map is 

constructed by analyzing a speckle pattern of infrared laser light. This technique is called 

structured light, in which a known pattern is projected onto the scene and depth is 

inferred from the deformation of that pattern. As shown in Figure 7, the Kinect projects 

infrared laser light with a speckle pattern. 
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Figure 7: Speckle pattern of Infrared laser light projected on wall. 

The Kinect uses an infrared projector and sensor for depth computation, while 

processing combines structured light with two classic computer vision techniques: depth 

from focus, and depth from stereo. The body position is inferred by learning a 

randomized decision forest that allows mapping depth images to body parts or segmented 

images (Figure 8) and then transforms this body part image into a skeleton (Figure 9). 

 

Figure 8: Segmentation Image and Depth Image from Kinect 
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Figure 10: Skeleton Image, where 11 cm represents the distance between left and right ankle. 

As shown in the Kinect’s data processing block diagram, Figure 10, the system 

acquires depth data and RGB data from Kinect. The depth data is processed for skeleton 

tracking, which in turn enables motion tracking of joint coordinates in real-time. 

 

Figure 9: Data processing using Kinect. 
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Table 2: Skeleton Joint Map 

Joint Joint Index Joint Joint Index 

Hip  Center 1 Right Wrist 11 

Spine 2 Right Hand 12 

Shoulder Center 3 Left Hip 13 

Head 4 Left Knee 14 

Left Shoulder 5 Left Ankle 15 

Left Elbow 6 Left Foot 16 

Left Wrist 7 Right Hip 17 

Left Hand 8 Right Knee 18 

Right Shoulder 9 Right Ankle 19 

Right Elbow 10 Right Foot 20 

The Microsoft Kinect for Windows support package from the Matlab Image 

Acquisition Toolbox is required to acquire data from Kinect into Matlab. In Figure 9, the 

number in top left corner of the image indicates the distance between ankle joints marked 

by skeleton tracking which is measured in real-time. Similarly, other geometrical 

measurements are also possible between two joints. 
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System Design 

An application platform, (AutoBESS) has been developed in Matlab to determine 

the efficacy of using the Kinect to conduct and administer BESS test. The application is 

designed on an ASUS ROG laptop with Intel i7 processor having clock speed of 2.20 

GHz and 8 GB of RAM. The algorithms for this system were developed in Matlab 

R2014A. The block diagram of the system design is shown in Figure 11, below. 

The system design comprises of components that interacts with the Kinect and 

acquires depth and color data for processing. The designed platform manipulates the 

acquired data in order to successfully administer the BESS test and detect the BESS 

errors. The system design generates the results of the automated BESS test on basis of the 

Figure 11: Block diagram of System Design 
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detected errors during the administration. Consequently, the system is currently capable 

of detecting all the BESS errors except the opening and closing of the eyes. 

An interactive user interface has been designed that allows easy navigation and 

control of the different steps of AutoBESS. It allows the user to properly conduct the 

automated test providing information for data entry, test trials and data saving. It 

authorizes the user to start and stop the test for condition advancement. The user interface 

provides detailed information to the user and also to the subject, with an option of 

displaying stance positions during calibration, to smoothly conduct the test and does not 

require any prior knowledge of working with the system or the BESS test. 

The initialization algorithm for Kinect controls data acquisition and provides 

unique device ID’s for RGB camera and Depth camera. In Matlab, the data from depth 

camera and RGB camera of Kinect can be accessed using same commands, but using 

different device IDs. The image acquisition command videoinput(Kinect) constructs 

individual video input object for depth data and RGB data respectively. The command 

start(Kinect_RGB/Depth) synchronizes the data acquisition automatically, but does not 

start logging the image data in memory. The Kinect usually generates a delay while 

calibrating itself for accurate depth measurements. Thus, a trigger is used to control the 

image data logging into the memory. Manually executing this trigger allows real-time 

data acquisition with no delay. Each trigger acquires one frame from Kinect into Matlab 

in a 480x640 matrix with either depth data or color data. The data acquired from the 

depth camera has segmented values of depth map in form of depth metadata containing 

information of the skeleton joints. The matrix values from the depth camera represent the 

depth values of the environment in view of Kinect. These values are processed to 
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differentiate the subject using the function getdata(DeviceID). The data comprise 

information regarding number of skeletons (subjects) that can be tracked, joint indices 

and joint coordinates of each subject. The joint coordinates are a 20x1 matrix 

representing only depth values of 20 joints of the subject tracked (see Table- 1). 

The idea behind this research of using motion sensing for administration is to 

detect changes based on the joint positions. Different algorithms have been developed 

that can detect changes between two joints representing the BESS test errors. For hands 

off the hip error detection, the joint positions of left wrist and left hip, and right wrist and 

right hand, are acquired. This positions are processed for measuring the distance between 

left wrist to left hip, and right wrist to right hip. Any change in the distance represents 

movement, thus accounting BESS error for hands off hip. Similarly, for foot lift and foot 

drop, the distance between two ankles, left ankle and right ankle, is measured. If distance 

increases represents foot lift from the test position and minimum distance represents the 

foot drop for the test. The distance between two coordinates was measured by using the 

distance formula. For successful detection of this error, it is required to compare with 

some baseline or predetermined values. Thus, calibration test was introduced in 

AutoBESS, which determines the baseline data before administrating the BESS test. The 

spine abduction or adduction beyond 30 ° error detection used the joint positions of 

shoulder center and hip center. The angle of shoulder center with respect to hip center 

was measured. If the angle measured is greater than 30° in any direction registers an error 

for BESS test. 

Unfortunately, the error detection for eyes opening and closing is not possible due 

to Kinect’s resolution. It only allows to detect the location of eyes, but is unable to detect 
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the opening and closing of the eyes which is crucial. Thus, AutoBESS excludes this 

detection for error scoring. 

AutoBESS conducts each test condition for 20- seconds and then advances to next 

test condition automatically. The 20- seconds time for each test depends on the frames 

acquired in Matlab. As discussed earlier in this section, Kinect is in synchronize with 

Matlab for real-time acquisition with a rate of max 30 fps. It was concluded that while 

working with RGB camera and Depth camera simultaneously, the frame rate of Kinect 

dropped to 24 fps. Thus, it requires 480 frames from Kinect to perform a 20- seconds test. 

After acquisition of 480 frames, the AutoBESS test advances to next test condition until 

the six BESS test conditions are completed. 

During the administration of each test condition, one RGB frame is also acquired 

after every five depth frames to record a test video. The RGB frames acquired are 

converted into grayscale image which compresses the data size. The converted images 

are joined together to write in a video format. This test videos are saved into the database 

for manual administration of the test to compare the results. 

At the end of each test condition, an error matrix is saved into the workspace, 

which is later processed for error counting. During the test, error detected during each 

frame acquired generates a nonzero value (‘1’) into the zero valued matrix. Thus, total 

480x3 matrix will be generated representing the errors accounted for three conditions 

(hands off hip, spine angle, and foot lift/ drop) in 480 frames acquired. A series of 

continuous 1’s in the error matrix represents one error point for BESS test. An algorithm 

is designed that logically counts the errors in the matrix. Each ‘1’ or ‘0’ in the matrix 

represents an error of 42 milliseconds. The error matrix is corrected for occurrence of a 
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zero value in between series of one’s or vice-a-versa, using convolution. After this the 

algorithm runs through the error matrix accounting for 120 continuous 1’s which 

represents out of test condition for more than five-seconds BESS error and awards full 

10- points to that condition. Simultaneous occurrence of different errors are also 

accounted in a new matrix. Window width of continuous five ‘1’s is predefined in 

AutoBESS that represents one error point for that condition. The algorithm checks this 

occurrence and generates ‘1’ error point in original error matrix and also in simultaneous 

error matrix. At last, the error points are summed to generate a score representing the 

BESS test score. The reports are generated that represents error counts of different errors 

conditions for each test condition and respective scores in form of a ScoreCard. 

After scoring the test, user controls the authority to save the error matrix for 

future use. The error matrix is saved with the test videos in a unique folder named by the 

user during the start of the test.  
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Automated BESS Test 

AutoBESS includes automated BESS administration, Scorecard generation, and 

saves error reports and test videos. For proper administration of the BESS test, the Kinect 

should be mounted on a flat top at approximately 0.8 meters (2 foot 5 inches) above the 

ground with a 0° Kinect elevation angle, as shown in Figure 13. The minimum distance 

between subject and Kinect should be 2.13 meters (7 foots) to be completely in the FOV 

of Kinect. The test position with markings of minimum distance is shown in Figure 13 & 

14.  

  

Figure 12: Automated BESS Test block diagram 
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Figure 13: Kinect placement and Test position distance. 

 

Figure 14: Test position design 
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As seen in Figure15, the user interface allows user to register the name of the 

subject, which provides a unique identity for saving the AutoBESS results into the 

database. The UI also generates a window that allows for proper positioning of the 

subject with respect to the FOV of the Kinect. 

 

Figure 15: Step-1 User enters the information regarding the subject and adjusts the position of 

the subject. 

Calibration tests 1 and 2 allow the system to determine the baseline values for 

balance error detection. In calibration test- 1, shown in Figure 16, the subject is required 

to assume the double-leg stance with eyes open, while the baseline values for foot lift/ 

drop and hand off hips are calculated (Figure 17). 
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Figure 16: Calibration Test - 1 stance position. 

 

Figure 17: Step-2- Start the calibration test - 1. 
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Similarly, as seen in Figure 18, in calibration test- 2, the subject assumes the 

tandem stance with eyes open and properly placing legs on the marked test position 

(Figure 14) for measuring the baseline values for the foot lift and hands-off hip detection. 

The stance position faces towards the camera directly, which is not the actual BESS 

stance position. The stance position was modified due to lack in approach of modifying 

the Kinect’s FOV to locate the positioning of hands. The user controls the start and stop 

of the calibration tests and defines the stoppage time after collecting baseline values with 

no balance errors. The values collected will allow to differentiate the hand movement and 

foot lift /drop during administration of the BESS test. 

 

Figure 18: Calibration Test - 2 stance position. 
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Figure 19: Step-3 Start the calibration test - 2. 

As seen in Figure 20, AutoBESS enters into the main loop of BESS test 

administration for test condition # 1 (double-leg stance). Each test condition lasts for 20 

seconds while detecting the balance errors and recording the test video. An input from the 

user for pressing the start button is required for test advancement to next test condition 

(Figure 21). The test also logs the time stamp onto the UI to inform regarding the time 

left to successfully complete a test condition. 
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Figure 20: Step-4 Start the Automated BESS test condition # 1. 

 

Figure 21: Step-5 User commences each 20- seconds BESS test condition. 

After successful completion of all BESS test conditions, the detected errors are 

saved in a matrix, which is processed to count the errors during each test. As seen in 



 

37 

 

Figure 22, a score is generated based on the BESS standards that resembles the Kinect’s 

ability to detect the BESS errors. The user has the authorization to save the test results 

and recorded videos into the database (Figure 23). The detected errors matrix is also 

saved for future use in order to compare the test results. 

 

Figure 22: Individual test reports and error detection with AutoBESS Score (here, score 

generated is 39/60). 

 

Figure 23: AutoBESS Test results and error detected matrix is saved. 
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CHAPTER 4 

DATA COLLECTION AND ANALYSIS 

Data Collection 

Equipment 

The computer used for the study was ASUS ROG G74SX with an Intel i7 

2630QM Processor, 8 GB of RAM, and a NVIDIA GeForce GTX 560M graphics card. 

The Kinect was the original Kinect for Windows v1. 

Demographics 

Participants included healthy volunteers who had shown interest in the automated 

BESS test research. Overall, five individuals participated in the study. Participants were 

divided into categories of age, height and their non-dominant foot (Figure24). Their age 

ranges from 20 to 39 years with a median age of 24 years. Participants included four 

males and one female. All participants reported no previous experience with the BESS 

test. 

(a)                                        (b)                                         (c) 

Figure 24: (a) Distribution of participants by height. (b) Distribution of participants by age. (c) 

Distribution of participants by non-dominant foot. 
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Procedure 

Each participant was familiarized with the study, including information about the 

tests and errors imitation. Participants were also made aware of the video recording of the 

tests and they had the right to end the study at any time. They were requested to wear 

athletic shorts for proper administration. Only one participant was administered in full 

pants. Guide videos with artificial BESS balance errors, such as hand movements, foot 

lift, foot drop, and spine movements, were pre-recorded. These guide videos were played 

during each test where participants were required to imitate them that helped in 

evaluation for the consistency of Kinect to detect BESS errors and reproduce the results. 

As shown in Figure 25, each participant performed six rounds of the BESS test, 

equaling 36 test conditions per participants. Thus, data from 180 tests was available to 

evaluate. The final true scores and AutoBESS scores were generated for 30 BESS tests. 

The metric examined here was for the accuracy of detecting BESS errors with Kinect and 

the reliability of AutoBESS results. 

 

Figure 25: Data collection study conditions. 
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In the Normal test, the subject is required to perform the BESS test normally, with 

eyes closed. The test was administered and recorded test videos were evaluated to 

compare the true score with the generated score.  

In the hands-off test, the spine movement test, the foot lift/ drop test, the multiple 

errors test, and the five-second rule test, the subject imitates the guide videos generating 

the BESS errors. These tests are performed with open eyes and is not considered as an 

error for manual administration. The intentional errors comprises of different conditions, 

such as fast or slow hands-off, hands near to hips (not touching hips), hands away from 

hips, fast or slow foot drop/ lift, small foot lift, crossing of legs during foot lift/ drop, 

spine abduction and adduction, > 30° and near to 30°, and small spine movements, that 

helps in measuring the limits and ability of the Kinect. 

The ability of the application to detect and score multiple errors according to the 

BESS standards was also evaluated. The data representing error for being in out-of-test 

position for more than five seconds was also collected. All the tests were manually 

administered, and recorded test videos were evaluated for accounting any unintentional 

errors introduced during the test, other than the errors in the playback video.  

Analysis 

The true BESS score of all the tests performed were calculated using the saved 

videos and was compared to the automated BESS score. The graphical representation of 

the comparison between the scores for each stance is shown in Figure 26. The maximum 

score that can be awarded for one stance is 30 points. The standard deviation and mean of 
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the difference between the scores was 5.3 and 4.7 respectively (Table- 3), indicating that 

the data points are spread out over a large range of score difference. 

Table 3: Mean and Standard deviation of scoring errors (the difference between detected and 

actual scores. 

 Hands Spine Feet 
BESS 

Scores 

Mean 3.8 1.0 2.3 5.3 

Standard 

Deviation 
3.6 2.2 3.1 4.7 

As seen in Figure 26, the plot is more crowded towards the higher values of the 

AutoBESS score for each stance, which represents that the system detected more errors 

during the administration of the test. Thus, either the Kinect was unable to detect true 

errors or additional errors were introduced due to the instability of Kinect detecting joint 

coordinates. The correlation coefficient for the plot is r2 = 0.38 resembling positive 

correlation with higher values of AutoBESS score. In the plots, the bigger the marker size 

represents multiple occurrences of the same error values for that stance. The individual 

BESS errors detected during each test were also evaluated. 
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Figure 26: Graphical representation of the true BESS score and automated BESS score. 

As shown in Figure 27, 28, and 29, the true error and detected error during each 

stances for hands-off, spine movement, and foot lift/ drop are plotted respectively. The 

hands-off error detected using AutoBESS has higher values occurring multiple times, 

representing the instability of Kinect to detect the location of hands. This may be due to 

improper positioning of the hands compared to the calibration test, or instability of the 

Kinect produced due to change in depth values because of clothes, surroundings etc. The 

hands-off error detection has a positive correlation coefficient, r2 = 0.40. The mean and 

standard deviation of the difference between true error and detected error is shown in 

Table- 3 and the mean values of the hands-off error detection for each stance are 

represented in Table- 4. 
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Figure 27: Graphical representation of Hands-off error detection. 

The tandem stance on a foam surface has the highest mean value for hands-off 

error detection of 5.1, which means that the hands were not accurately located by the 

Kinect. 

The spine error detection provided promising results with standard deviation of 

2.2 and mean value of 1.0, which means the values are near to the expected true values. 

As seen in Figure 28, the plot has maximum occurrence of values on the linear axis. The 

inability to detect true error may be because of instability produced in the Kinect to detect 

joint location during multiple errors. Also, there are possibilities of an error in registering 

of true spine movement beyond 30◦, as the test videos were not manually administered by 

an expert physician. 
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Figure 28: Graphical representation of Spine abduction and flexion error detection. 

The values representing foot lift/ drop error detection is spread throughout the 

graph having higher, lower and similar AutoBESS error detected values (Figure 29) with 

standard deviation and mean of the difference in values is 3.1 and 2.3 respectively. After 

evaluation of the saved error matrix for foot error detection, suggests that Kinect was 

unable to detect small foot movements, which explains the account of positive difference 

values. The sensitivity of the Kinect for locating the foot joints is compromised. The 

instability of the Kinect increases with increase in distance of the subject from the Kinect 

or the distance of the Kinect from the ground. 
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Figure 29: Graphical representation of Foot lift/ drop error detection. 

 As seen in Table- 4, the BESS score difference for double-leg stance on firm and 

foam surface has the highest mean values, which represents that the AutoBESS failed to 

detect true errors and registered unwanted errors. 

Table 4: Mean values of score errors (difference between actual and detected score values) for 

each stances. 

 Mean Values 

 Stance Hands Feet Spine 
BESS 

Score 

Firm 

Double-leg 2.6 3.1 1.7 7.0 

Single-leg 3.8 2.2 0.7 4.5 

Tandem 3.3 0.7 0.4 3.2 

Foam 

Double-leg 4.0 2.6 1.0 7.4 

Single-leg 4.0 3.3 0.5 5.2 

Tandem 5.1 1.7 1.5 4.5 
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As discussed in methods section, the application detects the BESS errors based on 

the joint location and the distance between them for hands- off and foot lift/ drop error 

detection. Due to this approach the detection of the errors depends on the joint 

positioning during and after the calibration test. The difference in the positioning of joints 

may result in unwanted error detection. Also, Kinect may detect unwanted surfaces, such 

as clothes, shoes, socks, etc. which alters the depth values leading to instability in 

accurately determining joint locations. The depth values also changes, if the joints are not 

properly in view or facing towards the Kinect, increasing the chances of unwanted error 

generation in tandem stance, due to the crossing of legs and improper view of hands.  
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CHAPTER 5 

DISCUSSION 

The system’s main limitation are the Kinect’s field of view (57° horizontal by 43° 

vertical) and its resolution (640x480 pixels). This limitations does not allow the Kinect to 

locate the opening and closing of the eyes, thus affecting the automated BESS test 

administration. Also, for successful detection of joint locations, the subjects are required 

to be in proper FOV and facing towards Kinect. During the BESS test, the subject’s 

balance loss may introduce unwanted error detection or may not detect errors, due to the 

joints location outside the FOV of the Kinect. The distance between kinect and subject 

also plays an important role in accurate motion-tracking. The advisable distance between 

the Kinect and the subject should be maintain from 2.1 meters to 3.5 meters, taking into 

consideration the height of the subject. The motion-tracking misleads and cannot modify 

accordingly if any of the body part tends to hide from the view of kinect. 

The Kinect has very low sensitivity and high instability of detecting end joints 

due to the changing depth values with respect to surroundings. Clutter in the image 

background also introduces artifacts, leading to unreliable test scores.  
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CONCLUSION 

Using the Kinect as an administration device to conduct the automated BESS test 

shows opportunity. An appropriate design can improve Kinect’s resolution and 

interaction in the RGB and depth sensing with stable joints tracking. Kinect does have the 

opportunity to offer a cost effective, easy-to-use portable system, and a reliable 

automated BESS test environment. If the accuracy and stability of depth sensing is 

improved, the interaction device will be a plausible option for diagnosing post-concussive 

symptoms with the automated BESS test administration, and thus decreases the severity 

of multiple concussions. The Kinect has the potential to reduce the time spent testing 

subjects because administering the test is not dependent on physician availability. 

CONTRIBUTIONS 

This research is the first to specifically address the automated administration of the BESS 

test using the Kinect. It demonstrated the first use of tracked joint data for detecting joint 

movements and correlating it to register the BESS test errors.  
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LIMITATIONS AND FUTURE WORK 

Limitations 

 The Kinect was not able to detect the opening and closing of the eyes during the 

BESS test administration. This appears to be due its low resolution. It was not able to 

provide enough pixelated data of the eyes that can be used to its successful detection. 

 The Kinect system presented another limitation. The Kinect measured error 

values assuming joint locations, due to clutter object in the background. Thus, the 

reliability of Kinect’s functionality also depends its surroundings. 

Kinect was unable to accurately detect the position of the legs, if the subject is wearing 

socks while keeping the legs next to each other. As shown in Figure 30, the location of 

joints changes and has shown instability to detect hands and legs due to layered clothing. 

 

Figure 30: Error in locating joints using the Kinect producing instability in measuring distance 

between ankles which changes from 11 cm (Figure 9) to 12 cm. 
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Future Work 

Additional work needs to be completed to reevaluate this work and also identify 

improved methods of detecting subject’s hands and foot movements. There is opportunity 

for the Kinect to be an effective administration device, but not until an appropriate design 

is developed that allows to manipulate the algorithms in Kinect for better and stable joints 

detection. 

Recently, Kinect for Windows v2 sensor is released with improved depth sensor 

and more SDK features. It promises to overcome the instability of the Kinect for 

Windows v1 with increased depth fidelity, improved skeletal tracking, 1080p color video, 

and active infrared detection features. In addition to tracking as many as six people and 

25 skeletal joints per person, the tracked positions are more anatomically correct and 

stable- and the range of tracking is made broader. It has depth sensing resolution of 512 x 

484 with FOV 70 x 60 and detecting range 0.5 – 4.5 meters. Using the latest Kinect for 

Windows v2 for automated BESS test will allow to design the eyes opening error 

detection because of its 1080p color camera and also provide more reliable results by 

increasing balance error detection accuracy and consistency during administration with 

AutoBESS. 

The test position platform can be designed, which will play an important role in 

increasing consistency of Kinect to measure accurate movements. If subject fails to 

assume back the test stance after a balance loss, generates possibilities for Kinect to 

detect errors due to measurement differences. A firm and foam surface platform should 

be designed with printed BESS test positions, which can be sensed easily by the subject, 

allowing the Kinect to measure accurate values.  
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APPENDICES 

Appendix A: Initializing the Kinect 

function [depth,color] = initKinect() 

 

%reset image image acquisition tool on kinect 

imaqreset 

  

cd('C:\Users\PaarthDave\Documents\MATLAB\Research Thesis') % Current Directory for 

PAARTHDAVE-PC to perform BESS test 

  

% define constants 

% Device IDs 

KINECT_COLOR = 1; 

KINECT_DEPTH = 2; 

  

global skel approx_length approx_angle myConst ERR ui 

  

skel.hip_center      = 1; 

skel.shoulder_center = 3; 

skel.left_wrist      = 7; 

skel.right_wrist     = 11; 

skel.left_hip        = 13; 

skel.left_knee       = 14; 

skel.left_ankle      = 15; 

skel.right_hip       = 17; 

skel.right_knee      = 18; 

skel.right_ankle     = 19; 

  

approx_angle.spine_threshold = 30; 

approx_length.epsilon = 2; 

  

myConst.NUM_SEC_PER_TRIAL  = 20; 

myConst.FRAME_RATE         = 24; 

myConst.VIOLATION_TEST     = 5; 

myConst.NUM_TEST_CONDITION = 6; 

  

% Look up the error matrix to calculate the errors individual per test 

ERR.HANDS = 1; 

ERR.SPINE = 2; 

ERR.FOOT  = 3; 

  

% tidy up the screen 

clc; 

close all; 

  

% Create Close Button for playback window 
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figure(1); 

set(gcf,'userdata',true); 

hclose = uicontrol('Style', 'pushbutton', 'String', 'Close','Position',[450 10 90 50],... 

    'Callback','set(gcf,''userdata'',false)'); 

align(hclose,'right','bottom'); 

drawnow(); 

  

% Create Text area & Start/Stop Button 

figure(2); 

set(gcf,'userdata',false); 

  

% Insert Dynamic Text Control 

ui.htext = uicontrol('Style','Text','BackgroundColor','White',... 

    'position',[120 150 350 150]); 

align(ui.htext,'center','middle'); 

  

% Start Button 

hstart = uicontrol('Style', 'pushbutton', 'String', 'Start', 'Position', [30 10 90 50],... 

    'Callback', 'set(gcf,''userdata'',true)'); 

align(hstart,'left','bottom'); 

 

%Stop Button 

hstop = uicontrol('Style', 'pushbutton', 'String', 'Stop', 'Position', [450 10 90 50],... 

    'Callback', 'set(gcf,''userdata'',false)'); 

align(hstop,'right','bottom'); 

drawnow(); 

  

% Configure Kinect for Depth Data Acquisition 

depth = videoinput('kinect', KINECT_DEPTH); 

triggerconfig(depth, 'manual'); 

depth.FramesPerTrigger = 1; 

depth.TriggerRepeat    = Inf; 

  

% % Configure Kinect for Video Data Acquisition 

color = videoinput('kinect', KINECT_COLOR); 

triggerconfig(color, 'manual'); 

color.FramesPerTrigger = 1; 

color.TriggerRepeat    = Inf; 

  

% tell OPENNi to use "depth" as source 

depthSrc = getselectedsource(depth); 

  

% Camera elevation angle to 0 degrees 

depthSrc.CameraElevationAngle = 0; 

  

% select skeleton mode 

set(depthSrc,'TrackingMode','Skeleton'); 

 

% start depth & color video camera 
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start(depth); 

start(color); 

 

Appendix B: Sample calibration test code 

function [left_hand_hip, right_hand_hip, foot_lift_distance, foot_drop_distance] = 

bess_calibration(depthMetaData) 

% function [left_hand_hip, right_hand_hip, foot_lift_angle] = bess_calibration(depthMetaData) 

  

global skel approx_length approx_angle 

  

% Hands to hip distance & distance between legs measurement 

% Distance Formula 

dist = @(x,y) uint16(sqrt(sum((x-y).^2))*100); 

  

% Angle between two ankles 

% Angle Formula 

compute_angle = @(val1, val2) ((atan2d(val2(2) - val1(2), val2(1) - val1(1))) + 90); 

  

trackedSkeletons = find(depthMetaData.IsSkeletonTracked); 

num_skeletons    = length(trackedSkeletons); 

JointCoord       = depthMetaData.JointWorldCoordinates(:,  :, trackedSkeletons); 

  

if num_skeletons > 0 

    left_hand_hip  = abs(dist(JointCoord(skel.left_wrist,:) ,  JointCoord(skel.left_hip,:))); 

    right_hand_hip = abs(dist(JointCoord(skel.right_wrist,:) , JointCoord(skel.right_hip,:))); 

    foot_lift_distance = abs(dist(JointCoord(skel.left_ankle,:) ,  JointCoord(skel.right_ankle,:))); 

    foot_drop_distance = abs(dist(JointCoord(skel.left_ankle,:) ,  JointCoord(skel.right_ankle,:))); 

%     foot_lift_angle = abs(compute_angle(JointCoord(skel.left_knee,:) ,  

JointCoord(skel.right_knee,:))); 

%     foot_drop_angle = abs(compute_angle(JointCoord(skel.left_ankle,:) ,  

JointCoord(skel.right_ankle,:))); 

end 

end 

Appendix C: Sample automated BESS test administration code 

%%%%%% Entering the main loop for BESS test                % 

 

cd(sub); 

figure(2); 

for testCondition = 1:myConst.NUM_TEST_CONDITION 

    % wait for operator to press start button before starting test 

    % condition i 

    fprintf('Press Start Button for BESS Test Condition # %d \n', testCondition); 

    set(gcf,'userdata',false); 
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    set(ui.htext,'String',['Press Start Button for test condition# 

',num2str(testCondition)],'FontSize',12); 

     

    loopContinue = true; 

    figure(2); 

    while loopContinue 

        drawnow; 

        loopContinue = ~getButtonStatus(); 

    end 

    set(ui.htext,'String',['Test# ',num2str(testCondition),' Started'],'FontSize',12); 

    drawnow; 

     

    commandwindow; 

    switch testCondition 

        case 1, disp('starting double leg stance - FIRM Surface'); 

        case 2, disp('starting one leg stance    - FIRM Surface'); 

        case 3, disp('starting tandem stance     - FIRM Surface'); 

        case 4, disp('starting double leg stance - FOAM Surface'); 

        case 5, disp('starting one leg stance    - FOAM Surface'); 

        case 6, disp('starting tandem stance     - FOAM Surface'); 

    end 

     

    errStatus = zeros(myConst.NUM_SEC_PER_TRIAL * myConst.FRAME_RATE , 3); 

    whileCTR = myConst.NUM_SEC_PER_TRIAL * myConst.FRAME_RATE; 

    ERR_CTR = 1; 

    frame_advance = 5; 

    video_point = 0; 

    file_name = num2str(testCondition); 

    writerObj = VideoWriter(file_name); 

    writerObj.FrameRate = 6; 

     

    tic; 

    while (whileCTR > 0) 

        % this loop iterates once per frame (nominally 30 max fps) 

         

        if (mod(ERR_CTR,myConst.FRAME_RATE) == 0), toc; end 

         

        % trigger kinect to send one new depth frame 

        trigger(depth); 

         

        % extract depth meta data from the frame 

        [~,~, depthMetaData] = getdata(depth); 

         

        %%%% COMPUTE THE ERRORS ON THE CURRENT FRAME %%%% 

        switch testCondition 

            case 1 % Double leg together stance - firm surface 

                errStatus(ERR_CTR,ERR.HANDS) = bess_handsoff(depthMetaData,debugFlag); 

%evaluate hands off hips 

                errStatus(ERR_CTR,ERR.SPINE) = bess_spineangle(depthMetaData,debugFlag); % 

evaluate spine angle > 30 degrees 
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                errStatus(ERR_CTR,ERR.FOOT)  = bess_footlift(depthMetaData,debugFlag);   % 

evaluate foot lift 

            case 2 % Stand on one leg stance - firm surface 

                errStatus(ERR_CTR,ERR.HANDS) = bess_handsoff(depthMetaData,debugFlag);   % 

evaluate hands off hips 

                errStatus(ERR_CTR,ERR.SPINE) = bess_spineangle(depthMetaData,debugFlag); % 

evaluate spine angle > 30 degrees 

                errStatus(ERR_CTR,ERR.FOOT)  = bess_footdrop(depthMetaData,debugFlag);   % 

evaluate foot drop 

            case 3 % Tandem stance - firm surface 

                errStatus(ERR_CTR,ERR.HANDS) = 

bess_handsoff_tandem(depthMetaData,debugFlag);   % evaluate hands off hips 

                errStatus(ERR_CTR,ERR.SPINE) = bess_spineangle(depthMetaData,debugFlag);        

% evaluate spine angle > 30 degrees 

                errStatus(ERR_CTR,ERR.FOOT)  = bess_footlift_tandem(depthMetaData,debugFlag);   

% evaluate foot lift 

            case 4 % Double leg together stance - foam surface 

                errStatus(ERR_CTR,ERR.HANDS) = bess_handsoff(depthMetaData,debugFlag);   % 

evaluate hands off hips 

                errStatus(ERR_CTR,ERR.SPINE) = bess_spineangle(depthMetaData,debugFlag); % 

evaluate spine angle > 30 degrees 

                errStatus(ERR_CTR,ERR.FOOT)  = bess_footlift(depthMetaData,debugFlag);   % 

evaluate foot lift 

            case 5 % Stand on one leg stance - foam surface 

                errStatus(ERR_CTR,ERR.HANDS) = bess_handsoff(depthMetaData,debugFlag);   % 

evaluate hands off hips 

                errStatus(ERR_CTR,ERR.SPINE) = bess_spineangle(depthMetaData,debugFlag); % 

evaluate spine angle > 30 degrees 

                errStatus(ERR_CTR,ERR.FOOT)  = bess_footdrop(depthMetaData,debugFlag);   % 

evaluate foot drop 

            case 6 % Tandem stance - foam surface 

                errStatus(ERR_CTR,ERR.HANDS) = 

bess_handsoff_tandem(depthMetaData,debugFlag);   % evaluate hands off hips 

                errStatus(ERR_CTR,ERR.SPINE) = bess_spineangle(depthMetaData,debugFlag);        

% evaluate spine angle > 30 degrees 

                errStatus(ERR_CTR,ERR.FOOT)  = bess_footlift_tandem(depthMetaData,debugFlag);   

% evaluate foot lift 

        end 

        figure(2); 

        set(ui.htext,'String',['Time(seconds)= ',num2str(toc)],'FontSize',12); 

        drawnow(); 

         

%%%% Save 20 second test Videos in grayscale 

        if (ERR_CTR == frame_advance) 

            video_point = video_point + 1; 

            trigger(color); 

            data_frame = getdata(color); curr_frame = rgb2gray(double(data_frame)/255); 

            open(writerObj); 

            % color_frames(:,:,point) = curr_frame1; % Saving data of frames to directly into a matrix 
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            writeVideo(writerObj,curr_frame); 

            frame_advance = frame_advance+5; 

        end 

        % Move Counters 

        whileCTR = whileCTR - 1; 

        ERR_CTR = ERR_CTR+1; 

    end 

    close(writerObj); 

    ERR.Total(:,:,testCondition) = errStatus; 

    fprintf('\nAssisgned Test Completed\n'); 

    figure(2); 

    set(ui.htext,'String','Assigned Test Completed','FontSize',12); 

    drawnow(); 

    pause(1); 

end 

Appendix D: Sample Score generation code 

%% Initialisation 

  

% this is the number of consecutive error (one per frame) that are 

% required to form a single error 

window_width = 5; 

  

fprintf('Window width = %i\n\n',window_width); 

[matrix_numFrames , matrix_numConditions , matrix_numStances] = size(errTotal); 

  

% h is the convolution kernel (essentially this is the moving average 

% filter of size "window_width" that will smooth the noisy score signal 

h = ones(1,window_width)/window_width; 

  

ERR.sum = zeros(1,matrix_numStances); 

Err_count = zeros(matrix_numConditions, matrix_numStances); 

  

%% Using Convolution generate a meaningful error matrix, here conv_mat 

for iStance = 1:matrix_numStances 

     

    iCondition = 1; % Reset Matrix column Counter 

    iRow = 1; 

    multi_CTR = zeros(matrix_numFrames,matrix_numStances); 

%     while(iRow <= matrix_numFrames) 

%         multi_error = errTotal(iRow,:,iStance); 

%         if (sum(multi_error) == 3) 

while(iCondition <= matrix_numConditions) 

        % extract current condition and stance 

        copy_col = errTotal( : , iCondition , iStance); 

 

% this will return a "one" only when there are "window_width" 

        % errors in a row 
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        conv_mat = conv(copy_col,h) >= (window_width-1)/window_width; 

         

        conv_mat = conv(double(conv_mat),[1 1]) == 2; 

        conv_mat = double(conv_mat); 

         

        % this will compress consecutive ones into a single one, because 

        % consecutive ones comprise a single error 

        % find number of errors 

        errs = []; 

        currErr = 0; 

        yprev = 0; 

        for loop_2 = 1:length(conv_mat) 

            if (conv_mat(loop_2)==1) 

                currErr = currErr + 1; 

            elseif (conv_mat(loop_2)==0) && (yprev == 1) 

                errs = [errs ; currErr]; 

                currErr = 0; 

            end 

            yprev = conv_mat(loop_2); 

        end 

%         disp(length(errs)); 

        %5 second window length 

        dt = 1/30; 

        win_five_sec = 5 / dt; 

         

        theCase = 0; 

        Err_count(iCondition,iStance) = length(errs); 

        if (any(errs>=win_five_sec)) 

            Err_count(iCondition,iStance) = 10; 

            theCase = 1; 

        elseif (Err_count(iCondition,iStance) >= 10) 

            Err_count(iCondition,iStance) = 10; 

        end 

Appendix E: Abbreviations 

FOV: Field of View 

fps: frames per second 

ROG: Republic of Gamers 


