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ABSTRACT 

Two important indicators in the gait cycle: arm swing and foot 

placement, when isolated, provide key information about future 

behaviors in the gait cycle. Through video captured data, the INSPIRE 

(Integration of a Sensor Package for Identifying Radical Extremists) 

project seeks to identify gait characteristics in arm and leg swing 

movement to recognize threatening individuals. In particular, one 

approach discussed in this paper uses Groebner Basis Theory to model 

arm swing movement in the gait cycle. Through inverse kinematics, joint 

configurations of the shoulder and elbow are found to place the wrist at a 

specific position and orientation in the gait cycle.  

 

1.0 Introduction  

Conventional methods for human motion analysis often involve the manual palpation of predefined 

anatomical landmarks and the direct placement of active or passive fiducials.  There are, however, 

applications for which the retrospective analysis of human movement from standard two-dimensional 

(2D) video imagery is required.  Specifically, there is growing interest in the kinematic characterization of 

human activities from persistent surveillance footage for corporate security and law enforcement purposes 

(Niu et al., 2004; Pavan et al., 2008).  The challenge for human movement scientists is to take a 

technological step backwards in terms of the image data source, but to provide a level of automated 

measurement fidelity comparable to contemporary motion capture systems. An inevitability of 

surveillance video-based person tracking is that certain anatomical landmarks and associated body 

segments will be more accessible than others (Andriluka et al., 2008). The question is how to address the 

issues of tracking ambiguity, and an obvious solution is the implementation of inverse kinematic (IK) 

techniques. 

While a variety of IK- solutions have been proposed for modeling human motion, few have attempted to 

define motion models with a purely mathematical solution.  In general, many IK- techniques involve 
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some element of optimization or fitting (Meredith & Maddock, 2007; Mihelj, 2006; Todorov, 2007; 

Wang, 1999).  The purpose of this report is to present a new approach for the application of Groebner 

Basis Theory in the development of an upper extremity (UE) motion model during gait through the 

inverse kinematic problem. 

 

1.1 Inverse Kinematics 

There are two types of kinematic problems. The forward kinematic (FK) problem is the computation of 

the position and orientation of a jointed flexible object in space, and the IK- problem is the process of 

determining all combinations of a jointed flexible object in order to achieve a desired position and 

orientation in space (Kendricks, 2007; Hartenberg, 1995). In robotics, the IK- problem is most widely 

used to determine object capability, efficiency, and accuracy for various robot manipulators. It’s been 

proven that Groebner Basis Theory is a more efficient approach to solving the IK- robotics problem 

(Kendricks, 2007), and since certain aspects of human movement are comparable to robotic movement, a 

similar approach is used to solve the IK- problem for arm-swing movement in the gait cycle. 

 

1.2 The INSPIRE Project 

The goal of INSPIRE (Integration of a Sensor Package for Identifying Radical Extremists) is to determine 

gait signatures of human subjects carrying a concealed load and through these signatures, distinguish 

these subjects from others not carrying a load. This project is based upon the 2001 National Institute of 

Standards and Technology Human ID at a Distance Gait Program which focused on gait variance in a 

complex outdoor environment. INSPIRE, however, seeks to build a gait database of 100 human subjects, 

and record distinguishable gait characteristics due to a load, while also contributing to the national study 

of human identification.  

Anatomical and demographic information (height, weight, race, ethnicity, lengths of upper and lower 

extremities, and any factors impacting gait) of the study’s participants is collected.  Volunteers walk 

through a circular ‘race track’ with and without a weighted vest simulating a load.  A crossover platform 

and ramp are included in the race track scheme to provide a variation of the type of walking surface and 

to add more dynamics to the data sets.  The ramp and crossover platform portion of the track are key 

features that augment fluctuations in the subject’s gait as the subject’s center of gravity changes when 

climbing up and down the ramp. The exact position of the crossover platform and ramp is 28 feet from the 

left side of the building, 25 feet from the right side of the building, and 6 feet away from the building. 

This positioning allows subjects to walk ten paces before the steps of the crossramp and ten paces after 

the ramp. The rationale for this is that ten paces are required for a human to reach normal gait. Flags are 

driven into the ground to restrict the walking motion so that the cameras can keep a Sagittal plane view of 

the subject at all times. 

 

Figure 1. Birds-eye view of the INSPIRE race track drawn approximately to scale 
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2.0 Methods  

2.1 Video Capture & Image Processing 

To illustrate the IK-model using Groebner Basis Theory, a model is designed simulating movement 

captured on video for one human subject. The gait data was captured by two Canon GL2 Cameras on full-

size tripods with pan-tilt heads used to mount the cameras. The Cannon GL2 is equipped with a 3CCD 

1/4” pixel shift (charged coupled device) image sensor that provides a maximum of 480 x 720 pixels of 

resolution. Using the automatic recording program (e.g., standard settings of exposure, brightness, shutter 

speed, gain, and focus), video data was captured with the Canon GL2s at the NTSC standard, 29.97 

frames per second, on mini Digital Video (mini DV cassette) media. Under this recording program, the 

camera automatically adjusts the focus, exposure, gain, aperture adjustment, and shutter speed, while 

giving the user the option of manually changing the white balance and focus.  The recorded video was 

digitized and edited using Windows Movie Maker, and was later captured in DV AVI format. (This 

resulted in a resolution of 720 x 480 pixels.) 

The DV AVI file was processed using the Point Light Visualization Developer (PLVD) designed by the 

Air Force Research Laboratory (Fullenkamp, 2009). The INSPIRE team utilized this tool to place markers 

on the shoulder, elbow, wrist, hip, knee, and ankle joints for one gait cycle.  The PLVD tool allowed a 

user to view a frame of the AVI file and place marker points on a particular image in the frame.  The 

PLVD tool fed the ‘x’ and ‘y’ coordinates of the points marked to an Excel spreadsheet organized 

according to the markers’ name and frame number. (Such data was collected and processed at various 

parts of the track. However, for the development of this model, only those gait cycles which occurred on 

grass were considered.) 

 

   

Figure 2. Example of Point Light Visualization Developer 

 

2.2 Groebner Basis Theory 

Developed in 1965 by Bruno Buchberger, Groebner Basis Theory evolved from an algorithm that applies 

computational algebra techniques to specific polynomial ideals, producing a Groebner basis that can be 

used to find solutions to a set of non-zero polynomials for a given ideal (Buchberger, 1985). By using 

lexigraphical order (lex) and back substitution, a solution to the variables in the set can be found (Adams 

& Loustaunau, 1994). More formally, there is the following definition. 

 

 
  

  (lm = leading monomial.) 
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Terminology & Notation: 

1.  

 
  

 

2. 
 

 

3.  
 

 

 

S-Polynomials & A Groebner Basis: 

Given the Division Algorithm in , the algorithm for a Groebner Basis is based upon the 

following definitions. 

 

    

 

S-polynomials then allow for the cancelation of leading monomials. Lastly,  

 

 

 

 
. 

 

In general, with the Hilbert Basis Theorem which states that every ideal has a finite 

generating set, the variety (affine variety), then, of I will yield a set of solutions to the system of 

polynomial equations. 

 

Forming a Groebner Basis 

The geometry of the UE in Figure 2 was used to find polynomial equations to form the IK-model. (The 

data collected in the excel spreadsheet was used to determine the model’s accuracy in predicting wrist 

placement in video captured data from the INSPIRE study. The authors discuss the results of this study in 

a separate paper.) A derivation of the IK-model is discussed below. 

 

3.0 Results & Discussion 

The IK- problem determines those joint combinations for the shoulder and elbow that will place the wrist 

at the arbitrary point (a,b) in the XY-coordinate plane. Let L1 and L2 denote the lengths of the upper arm 

and forearm respectively, and let cos i and sin i  where i = 1, 2, denote the cosine and sine angle 

measures for the shoulder (joint 1) and elbow (joint 2). 
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Figure 3. Projection of Sagittal Plane UE joint positions onto the XY-coordinate 

plane. 

 

From Figure 3, a kinematic model is derived (Cox, Little and O’Shea, 1992) giving a system of four 

equations with four unknowns abbreviated as c1, s1, c2, and s2 (where c and s denote the cosine and sine 

angles for 1 and 2 respectively) describing the position and orientation of (a,b).  

(1) a = L2(c1c2 –s1s2)+ L1c1       (2) b=-L2(s1c2 +c1s2)+L1s1  

 

(3) c1
2
+s1

2
 = 1                           (4) c2

2
+s2

2
 =1 

Using MAGMA, an algebraic computer software, the following Groebner basis is found using 

lex order (c1,s1, c2, s2): 

(5)   

 

(6)  

 

(7)  

 

(8)  

 

By setting the last equation equal to zero and solving for s2, through back substitution, all joint 

combinations (c1, s1, c2, s2) placing the wrist at the point (a,b) are found, and the IK-problem is solved. 

Furthermore, by applying the joint parameters -140° < 1 <90° and -10°< 2 <140°  (Luttegens and 

Hamilton, 1997), all reachable points within the subspace can be found (Kendricks, 2007). During the 

development of this model, the INSPIRE team was still collecting and processing the gait data. To 

determine whether the model was well-defined, a correspondence between FK-and IK-solutions was 

found using Vicon Motion data collected from two gait cycles from one human subject. Also, coordinate 

data from the PLVD along with prior information about the lengths of the upper and forearm were also 

used to validate the model for video captured data. (These results are discussed in a separate paper.) 

 

4.0 Summary  

The IK-approach using Groebner Basis Theory then is an alternate approach to arm swing movement in 
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the gait cycle. To support future investigations, the authors are continuing to develop a motion capture 

and surveillance video database from which to begin transitioning idealized inverse kinematic models to 

more operationally relevant data sources.  To enhance the richness of this database, new image processing 

techniques are being investigated and applied to the collected motion data to provide the clearest images 

for which this IK-model can be applied. Expanding the IK- model into three dimensions will allow the 

comparison of this method to other kinematic approaches.  Further, by extending this model to the lower 

extremities, the INSPIRE project can create a robust model for which to identify gait signatures. The goal 

then is to validate this robust model as an alternative approach to characterizing video-based human 

motion for security and force protection applications. 
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