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CHAPTER I 

ORIENTATION TO THE STUDY 

Analysis of human movement, including and considering 

the significant forces acting on the human body, may be 

tediously accomplished by the simple manual procedures of 

sketching and measuring or by submitting the record to more 

elaborate, integrated, and sophisticated systems. The use 

of the fully integrated systems of cameras, modern motion 

analyzers, automated data acquisition digitizers, high-speed 

computers, and software packages results in output files 

indicating distances, segmental lengths, displacements, 

joint angles, time data, velocities, accelerations, forces, 

moments, centers of gravity, and other such information. 

Measurement of these parameters is fundamental to the 

quantitative study of human performance. 

The biomechanical analysis of human performance 

includes potential applications such as the measurement of 

forces as exerted by the human foot while dancing, 

optimizing the performance of a world-class gymnast, 

monitoring rehabilitation in orthopedic settings, and 

developing mathematical models of movements of the human 

body. Quantification of hu~an motion may be successfully 
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accomplished by using a fully integrated system consisting 

of slow motion (high-speed) cinematography supported by an 

electronic digitizer and a high-speed computer. Processing 

these data with appropriate computer software packages 

provides information germane to human performance analysis. 

Many students from diverse academic specialization 

areas such as adapted physical education, biomechanics, 

dance, and exercise physiology will use these instruments 

and programs to collect and treat data for their theses and 

dissertations. In order to assure the vali4ity of their 

2 

results, this study was conducted to identify an acceptable 

methodology which comprises an indication of the relative 

accuracy of existing procedures and software used in the 

one- and two-camera data analysis programs. The purpose was 

to verify if the true data from the oblique view match those 

generated from the anterior and side views as provided by 

the computer programs. In essence, it is hoped that this 

research will enable future users of the system to do so 

with a reasonable degree of confidence and accuracy. 

Statement of the Problem 

This research, conducted during 1982-1983, proposed to 

compare the one- and two-camera procedures of analyzing 

human performance data employing LAMB (Kelly, 1980) and 
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associated FORTRAN programs. One 28-year-old female gymnast 

served as the subject and was filmed at the athletic field~ 

by three high speed cameras operated simultaneously at 100 

frames per second (fps). This skilled gymnast, a gymnastics 

instructor, performed 10 trials each of 2 different skills 

upon a KIAG SWISS (Kistler) Type 9261A force platform. The 

skills were the floor exercise sideward moving trail arm 

cartwheel and the punch jump (George, 1980). One camera·-

recorded the front view while the second camera recorded _the 

side view at 90 degrees to the first camera. These cameras 

were set-up relative to the force platform; the front view 

aligned with the F horizontal component in direction of 
y 

movement (+F forward) and the side view aligned with the,F 
y X 

lateral component (+F to the left). The third camera was 
X 

placed to collect images from an oblique view of 45 degrees 

with reference to the force platform also; it was located 

half-way between the -F horizontal component and the +F 
y X 

lateral component. The subject's path of movement across 

the force platform was at 45 degrees in a positive 

direction; thus, the third camera recorded images from a 

position wherein its optical axis was orthogonal to the 

plane of movement. 

During each execution of the selected skills, force 

platform data were obtained; these data were converted into 



digital form and expressed as x (lateral or sideward), y 

(frontal or forward-backward), and z (vertical) directional 

force components. Film records were digitized using a 

Numonics Corporation Model 1224 electronic digitizer. 
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The first subproblem was to determine the accuracy of 

the one-camera analysis output data files for the anterior, 

lateral, and oblique views, as compared to force platform 

data. FORTRAN programs that were sequentially use~ included 

the following: DIGlC, LAMB, MAKLNK, and LAMB (Kelly, 1980). 

The output data files were interpreted and arranged for 

future comparison with those from the other subproblems. 

The second subproblem was to determine the accuracy of 

the two-camera analysis output data files for the anterior 

and lateral views. FORTRAN programs that were sequentially 

used are the following: DIG2C, KNMTC2, LAMB, MAKLNK, and 

LAMB. The output data files were interpreted and compared 

to the first subproblem data and were stored for further 

comparison with those from subsequent subproblems. Force 

platform data were again used for comparison. 

The third subproblem was to determine the accuracy of 

the two-camera analysis output data files for the oblique 

view. The same computer programs were used as those 

indicated for the second subproblem. These output data 

files were interpreted and compared with the oblique view's 
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output data files as generated in subproblem one. They were 

also compared with and used to verify the output files 

relative to subproblem two. Force platform data were also 

included. 

The fourth and final subproblem was to analyze and to 

interpret the treated data so as to compare the one- and 

two-camera procedures of data analysis utilizing LAMB and 

associated FORTRAN programs. In each of the views, the film 

records were digitized to obtain body segment lengths and 

their angular positions over time in order to further obtain 

outputs of computed forces applied by the subject over time. 

These sets of data were compared with the verification data 

generated by the force platform. 

Definitions and/or Explanations 

The following definitions and/or explanations were 

adhered to throughout the study: 

Biomechanics: "The science which investigates the 

effects of internal and external forces upon living bodies" 

(Miller & Nelson, 1976, p. 1). 

Biomechanics of human movement: "The interdiscipl ine 

which describes, analyzes, and assesses human movement" 

(Winter, 1979, p. 1). 

DIGlC: A digitizing program for a one-camern analysis 



(Kelly, 1980). 

DIG2C: A digitizing program for a two-camera analysis 

(Kelly, 1980). 

Force platform: A piezo-electric multicomponent 

platform which measures, in 3 orthogonal directions, any 

force or moment acting on it. 
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LAMB: "An interactive version of Plagenhoef's original 

program which was designed to compute forces and moments" 

(Kelly, 1980, p. 30). 

KNMTC2: A program that merges two data files into one 

data file for use by LAMB (Kelly, 1980). 

MAKLNK: A program that produces a link data file for 

use by LAMB (Kelly, 1980). 

Research Questions of the Study 

The study answered the following research questions 

with regard to the comparison of the one- and two-camera 

procedures of human performance data analysis: 

1. Are the one-camera output data files for the 

anterior, lateral, and oblique views accurate as measured by 

the verification data which was generated by the force 

platform? The two-camera output data files will be compared 

for consistency. 

2. Are the two-camera output data files for the 
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anterior and lateral views accurate as measured by the 

verification data which was generated by the force platform? 

The one-camera output data files will be compared for 

consistency. 

3. Are the two-camera output data files for the 

oblique view produced through DIG2C accurate as measured by 

the verification data which was generated by the force 

platform, the one-camera output data files, and the 

two-camera output data files? 

4. Is one procedure a more accurate method of human 

performance data analysis than the other procedure as 

measured by the verification data which was generated by the 

force platform? 

Delimitations of the Study 

The proposed study was subject to the following 

delimitations: 

1. The one 28-year-old, skilled female gymnast. 

2. The extent to which the identification of simul

taneously exposed frames was accurate. 

3. The extent to which spatial coordinates were accu

rately obtained through the digitizing process. 

4. The small number of trials for the subject. 



CHAPTER II 

REVIEW OF RELATED LITERATURE 

A review of the available related literature evinced 

that research germane to the proposed investigation, per se, 

had not been published. Because of the paucity of such 

studies, the investigator elected to include reviews of that 

research providing a brief overview of photoinstrumentation 

methodologies using one-camera and multiple camera 

procedures of human performance data collection, reduction, 

and analysis. 

These reviews are presented under the following 

subheadings: (a) Introductory Remarks, (b) Collection 

Methodologies, (c) Axial Considerations, and (d) Analysis 

Procedures. 

Introductory Remarks 

Cinematography utilizing the 16 mm movie camera is 

commonly employed in the study of human movement. By 

following conventional protocol and by observing fundamental 

procedures, the researcher may obtain valuable qualitative 

and quantitative parameters needed for the analysis of human 

performance. Of paramount importance is the need to ~erive 

8 



spatial coordinates from the film record. Likewise, in 

multiple camera set-ups, a dominant need is to be able to 

identify simultaneously exposed frames (Miller & Nelson, 

1976). 

Collection Methodologies 

9 

Researchers have used the one-camera technique to study 

human movements. In doing so, they assumed that the action 

of interest occurred through an uniplanar dimension and that 

the perspective error was minimized by use of a telephoto 

lense (Miller & Nelson, 1976). 

Mirrors have also been used in single camera studies 

(Adrian, 1973), with subsequent analysis being basically 

qualitative in nature. The need to accurately identify 

spatial coordinates (x, y, and z) for use in quantifying 

displacement, velocity, and acceleration directed 

researchers to the use of a multiple camera method in 

studying human movement. 

The use of stroboscopic photography which lies on the 

continuum between single-image and high-speed imagery 

(Merriman, 1975) and the methodology pertaining thereto 

{Vorro, 1973) have been presented. Clark, Paul, and Davis 

{1977) addressed the proble~ of qunntifying multi-image 

photography. They presented the mathematical techniques 
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needed to convert the stroboscopically recorded images into 

meaningful kinematic expressions. Also provided was a BASIC 

language program that will compute instantaneous velocity. 

As has been suggested, two-dimensional cinematography 

has yielded to three-dimensional cinematography in the study 

of human movement. Although a sampling of several methods 

have been presented, there still remains inflexibility in 

each. 

In 1971, a method called "direct linear transformation" 

(DLT) was developed and subsequently evaluated as a tool for 

tri-dimensional cinematography (Shapiro, 1978). In this 

method, exact knowledge of the camera positioning is not 

needed; however, it is of upmost importance to have the 

experimental field being filmed to be visible in both 

cameras. According to Shapiro the DLT method can be used to 

locate unknown spatial coordinates of points with an average 

e r r or o f + or - • 5 em ( p . 2 0 3 ) ; i t was " c 1 ear 1 y demons t r a ted 

that with pin-registered cameras the DLT methodology could 

provide accurate three-dimensional data for motion of points 

in space" (p. 204). Thus, this method provides similar 

accuracy of measurements as reported for other techniques 

and is more flexible, the only constraints being those 

previously listed. A ratio of 1:3 is recommended for the 

camera-to-camera and object-to-cameras' distance. 
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Van Gheluwe (1978) used basically the same methodology 

and mathematical theory as he had earlier (Van Gheluwe, 

1974) in a refinement of an arbitrary camera set-up for 

three-dimensional cinematography. External (camera 

orientation, etc) and internal (focal length, etc) 

parameters are not required or do optical axes need to 

intersect. Of primary importance is that a reference frame 

(consisting of six steel tubes fitted together perpendicu

larly to form a triaxial coordinate system) be filmed by all 

cameras so that an "implicit mathematical reconstruction of 

the position of the cameras in space using the known 

life-sized coordinates and the image coordinates of certain 

reference points" located thereon may be accomplished (p. 

3 44) • 

Shapiro (1980) presented an overview of three

dimensional techniques including the DLT. He stated with 

reference to the DLT that "this method presently provides 

the best of the multi-camera as well and [as] the 

photogrammetry methods" (pp. 69-71). Shapiro (1979) is one 

researcher who has applied the DLT method to his work; he 

used the DLT in the analysis of the three-dimensional 

kinetics of the baseball swing. 

Woltring (1980) addressed the problem of three

dimensional photogrammetric calibration with known control 



point coordinates being circumvented. A calibration plane 

with a two-dimensional arrangement of known control points 

is placed in the observation field. A three-dimensional 

partial control arrangement is presented and the object

space coordinate system demarcated by one of these 

positions. 

A recent paper described a basic method for obtaining 

spatial parameters while stressing equipment simplicity 

(Miller, Shapiro, & McLaughlin, 1980) These parameters 
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may be obtained by using only one camera. Three or more 

known locational points must be present on the body. By 

using more cameras, accuracy can be increased. Estimates of 

the errors are provided by this technique for the calculated 

parameters. With regard to the accuracy of the method, the 

investigators found a reasonable level of acceleration 

accuracy and a very good positional accuracy {p. 546). 

Earlier work by Miller and Nelson (1976) and Winter 

(1979) has been presented in the comparison of cinemato

graphic and dynamographic methods of human motion analysis. 

Boswart, Novakova, Sukop, Fidelus, Morawski, and Wiklik 

(1981) have presented a recent paper considering these 

results with regard to a simple dynamic model of body 

movement. Cinematographic data were obtained via a 16 rom 

camera and dynamographic data were obtained via a Kistler 
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force platform. A comparison of the measured, calculated, 

and modelled results showed a best fit approximation of .82 

(p. 197). 

Boccardi, Pedotti, Rodano, and Santambrogio (1981) 

attempted to analyze moments by use of specially constructeo 

equipment; this was considered to be a new technique. 

Vector images of the ground reaction were superimposed on 

images showing body part positions. This method provides 

on-line representation of produced moments graphically by 

the use of direct measurement and kinematics. The model was 

limited to the hip, knee, and ankle joints. Boccardi et al. 

reported that it appears to be more suitable for slower 

movernen ts. 

Yet another technique has been developed for three

dimensional analysis that involves portable filming proce

dures and allows for large volume coordinate reconstruction 

(Dapena, Harman, & Miller, 1982). The calculation of 

internal camera parameters was accomplished by use of a 

wooden cross with a centrally mounted perpendicular dowel. 

The calculation of external camera parameters was 

accomplished by the use of a series of poles. One simply 

films sequentially the cross, the control object, and the 

motion with the cameras. Wherein the accuracy of the DLT 

method has been established for use within the volume of the 
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control object (Shapiro, 1978), and wherein the method 

involving a small volume two-dimensional control object has 

been reported (Woltring, 1980), Dapena et al. (1982) stated 

that this method is designed to accommodate large volume 

three-dimensional cinematography with a control object of 

unknown shape. 

A television system for kinematic analysis in three-

dimensions has been developed by Whittle (1982). The 

television system used was described as was the calibration ,,, 
I 

procedure. Also presented were the techniques used in 

managing the inherent disadvantages akin to television 

systems; e.g., the drifting vs. fixed relationship between 

the optical and electronic images. The system seems to be 

reliable and easy to use and has been applied in several 

biomechanical studies. 

Axial Considerations 

Ayoub, Ayoub, and Ramsey (1970) have placed two cameras 

side by side in order to obtain the needed spatial coordi-

nates. Of concern was the need to: (a) have the optical 

axes of the cameras parallel to each other, (b) obtain the 

largest base distance between the lenses, and (c) maintain a 

common area in the field of view of both lenses. Still 

other studies were conducted with two cameras placed at 
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right angles to each other so that a common point was 

visible in both views (Miller & Nelson, 1976). This 

provided a technique for obtaining spatial coordinates in a 

three-dimensional mode. 

One of the earlier reports concerning tri-axial tech-

niques and perspective error suggested that subsequent work 

needed to be undertaken before accurate results could be 

obtained for a dynamic motion (Ness, 1967). It was noted 

that compensation for perspective error would follow by 

positioning the three cameras (one each on a respective axis 

of the three-dimensional Cartesian coordinate system) so 

that the optical axes would intersect at the single 

imaginary point deemed the origin of the system. A later 

study (Noble & Kelly, 1969) evaluated this system to 

investigate a dynamic motion; the resulting mechanical 

values were satisfactory except for acceleration. Other 

methods were used to obtain spatial coordinates and to 

compensate for perspective error utilizing three cameras 

(Anderson, 1970; Atwater, 1970). In 1973, Miller and Petak 

developed a system in which the perspective error is 

automatically eliminated and through which spatial 

coordinates may be determined given a common point in the 

view of any two of three cameras. By using complex 

mathematics and a rigidly surveyed camera positioning, the 

, I 



multi-camera technique's flexibility was increased· 

(Bergemann, 1974). 

16 

Miller and Petak (1973) also stress the need~to be able 

to obtain spatial coordinates. They reviewed the~then~·, 

existing methods of three-dimensional cinematography; these 

have been addressed in earlier sections of this review. In 

their "new" method of determining spatial coordinates, they 

theorized "that the ratio of the image size to the' lens 

[lense]-to-film plane distance is equal to the ratio ·Of the 

object size to the object-camera distance" (p. 16) •. They 

stated that a validation study indicated that this 

three-dimensional method of studying human motion was 

"sufficiently accurate" (p. 18). Miller and Petak report 

that camera placement is arbitrary if: (a) the horizontal 

optical axes intersect at the origin of the system, (b) 

origin to camera locations are known, and (c) the angles 

between the camera's optical axes are known (p. 19). 

Bergemann (1974) presented a technique for the 

arbitrary placement of two or more cameras. Restrictions 

were limited to a common point and intersecting optical 

axes. A transit was utilized to determine camera 

positioning. Using mathe~atics to compute the projected 

point and to find the multiplier and for the x, y, and z 

coordinate determination, Bergemann was able to develoo this 



procedure. Validation of the procedure yielded a mean 

absolute error of .022 ft (p. 302). 

Van Gheluwe (1974) developed a method for obtaining 

three-dimensional data which includes a simplified camera 

alignment and eliminates direct measuring procedures. The 

only limitation is that the cameras' optical axes must 

mutually intercept. This technique is predicated on 

application of the analytical properties of orthogonal 

coordinate transformations from one general orthogonal 

reference frame to another fixed to each camera used. 

Van Gheluwe dealt with the problem of errors in 

tri-dimensional filming resulting from misalignment of the 

cameras (1975). His mathematical approach produces a 

correction factor for any deviation that may occur; the 

correction factor is zero when no angular deviation occurs. 

Analysis Procedures 

17 

Plagenhoef (1966) presented a method by which kinematic 

and kinetic data could be obtained through an analysis 

process combining mechanics and cinematography. His system 

allowed for the acquisition of forces, both vertical and 

horizontal, in any plane for a whole body motion. To find 

the moments of force at each joint required that: (a) the 

length and weight of each body segment be determined, (b) 
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the desired action be photographed followed by a composite 

tracing of the total movements, (c) the center of gravity 

and radius of gyration of each segment be identified, (d) 

the instantaneous angular velocities and accelerations of 

each segment be determined, and (e) the joints forces and 

moments of force be calculated. He preferred cinematography 

to stroboscope equipment because of the clear picture 

produced by each frame. Although lateral views of 

symmetrical actions are the easiest to analyze, his 

procedure allows for analysis of non-symmetrical motion in 

three dimensions if two cameras are orthogonal to each 

other. After a rather detailed explanation of the process 

used to obtain the moments, Plagenhoef (1966) staten that 

they "are the significant data for interpreting body motion, 

since they represent the dominant muscle forces at each 

joint at the given instantaneous position" (p. 109). 

A subsequent article {Plagenhoef, 1968) provided the 

procedures for utilizing computer programs to analyze human 

motion after anatomical data and film records are obtainec1. 

These two programs comprise LAMB; the first uses 

displacement input to obtain body segment angular velocities 

and accelerations whereas the "second program determines 

joint forces, moments of force, total body centers of 

gravity, and the contribution of each body segment to the 
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whole motion" (Plagenhoef, 1968, p. 221). 

The textbook by Plagenhoef (1971) presents methods of 

obtaining data on human motion and then analyzing the.data~ 

He refers to the human body as a link system with its 13 

body segments involved in the analysis of any complex 

three-dimensional, nonsymmetrical motion. This is a further 

illumination of his earlier work. The anatomical, velocity, 

and acceleration data along with appropriate formulae are,· 

found in the textbook (pp. 28-57). They indicate the manner 

in which complex human movements may be analyzed. ,'r 

The method of analysis as presented by Plagenhoef· 

(1973) allows the investigator to "obtain the body segment 

forces and moments for the whole body during any 

3-dimensional motion" (p. 171). This method is "suggested 

as the most reliable technique for analyzing a human motion" 

(p. 166). A link system needs to be drawn that includes all 

the segments of the body even though a particular joint may 

indicate no relative motion. One then selects the primary 

link system that best represents the action of the body and 

which would give the desired information. Plagenhoef lists 

four different link systems from which to choose. This 

selection is made with regard to whether the foot or hand 

was the fixed point and on the path taken when moving from 

the lower to upper extremities through the trunk. 
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In 1974, Ariel presented a quantitative method for· 

analyzing human movement. He discussed the input and 

anatomical data needed in order to secure a kinetic~analysis 

and then provided examples of application of thes~ 

parameters. 

Pezzack and Norman (1981) attempted to validate'a , 

linked segment model of the human with regard to net joint 

moment output. User supplien input included "the number and 

sequence of links and body segment parameter data to be used 

[and] body segment end point coordinates obtained in 

d i g i t a 1 f o rm from f i 1m or any other source" ( pp • 2 6 0- 2 61 ) • 

Comparison of the results indicated that the model was 

computationally correct within 2% error for a 6-segment 

model in a bisymmetrical standing broad jump but was not 

nearly as accurate for a 15-segment model in a 

non-symmetrical "stride jump" movement. 

Plagenhoef, Evans, and Abdelnour (1983) presented the 

anatomical data needed for a total body analysis of human 

motion. The trunk is divided into the abdomen, pelvis, and 

thorax segments which, in addition to the hands, forearms, 

upper arms, feet, shanks, thighs, and head and neck, gives 

the total body 16 segments. By applying proper anatomical 

data to these segments, a biomechanical analysis of the 

movement patterns of each provides kinematic and kinetic 
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data. The Tables as presented indicate percentages of the 

parameter being considered (segment weights to total body 

weight, location of the segment center of gravity to segment 

length, radius of gyration to segment length, segment length 

to total height) to the standardized data which allow the 

individualized data to be calculated for any size person. 
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Summary 

The review of related literature as presented 

considered the development of uni-, bi-, and tri-axial 

cinematography as used in the analysis of human movement 

data. Background and generic considerations were first 

presented with special consideration given to the solution 

of particular problems as they seemingly systematically 

surfaced with each new endeavor. Also, special emphasis was 

given to Plagenhoef's work since this study was conducted in 

order t·o compare the one- and two-camera procedures of human 

performance data analysis utilizin~ an applicAtion of his 

procedures. Within the structure of the foregoing 

summations, it should be noted that the presentation of the 

review of related literature was more or less chronological 

in nature. Future developments in various filming 

procedures and the overcoming of inherent problems in 

subsequent data analysis may eventually allow researchers to 

solve the many problems of such use. 



CHAPTER III 

METHODS AND PROCEDURES 

The purpose of this study was to compare the one- and 

two-camera procedures of analyzing human performance data 

employing LAMB (Kelly, 1980) and associated FORTRAN 

programs. The first subproblem was to determine the 

accuracy of the one-camera analysis output data files for 

the anterior, lateral, and oblique views. The second 

subproblem was to determine the accuracy of the two-camera 

analysis output data files for the anterior. and lateral 

views. The third subproblem was to determine the accuracy 

of the two-camera analysis output data files for the oblique 

view. The fourth and final subproblem was to analyze and 

interpret the treated data and to compare the one- and 

two~camera procedures of data analysis utilizing LAMB and 

associated FORTRAN programs. The film records were 

digitized to obtain body parameters in order to obtain 

outputs of computed forc8s applied by the subject over time. 

These sets of data were compared with the verification data 

as generated by the force platform. 

The procedures which the investigator adhered to in the 

development of the study nre presented under the following 

23 



24 

headings: (a) Preli~inary Procedures, (b) Procedures for 

the Selection of the Subject, (c) Procedures for the 

Selection of the Instruments, (d) Procedures for Data 

Collection, (e) Procedures for Analyzing the Performances, 

and (f) Procedures for the Preparation of the Final Written 

Report. 

Preliminary Procedures 

The logical approach to this study necessitated the 

completion of certain preliminary procedures prior to the 

actual collection and reduction of the data. The researcher 

surveyed, studied, and assimilated the available literature 

related to the study. A tentative outline was developed and 

revised in accordance with suggestions made by members of 

the dissertation co1nmitte~. Permission for the use of a 

human subject was obtained from the Texas Woman's University 

Human Subjects Review Committee. The revised and approved 

outline of the study was filed in the form of a Prospectus 

in the Office of the Provost of the Graduate School at Texas 

Woman's University. 

Procedures for the Selection of the Subject 

Criteria for selection of the subject were: (a) 

availability to attend the filming session, (b) ability to 
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perform both the floor exercise sideward moving ,trail arm 

cartwheel and the punch jump, and (c) evidence of 

competitive experience. The population from which the 

subject would be drawn was determined and the prospective 

volunteers were informed of their rights., The subject to be 

filmed for the study was selected and film clearance 

permission forms, signed by the 28-year-old female gymnast, 

were obtained. 

The subject has been involved with gymnastics for many 
~ ' l 

years. She was a competitor for 2.5 years and has been an 

instructor for 9 years. The highest individual standing 

achieved by the subject was second in the State of Texas 

Class II (USGF) Collegiate level competition in the bars and 

vaulting events. The subject measured 1.66 m in height and 

weighed 49.72 kg on the day of data collection. 

Procedures for the Selection of the Instruments 

Appropriate instruments were selected for use in the 

study; a brief description of each follows. Filming was 

accompli shed with three motor-driven, 16 mm cameras: (a) 

Locam, (b) NAC, and (c) Pl. Verification of the frame rates 

indicated that the Locam, NAC, and Pl recorded at 95, 196, 

and 101 fps, respectively. A Nikkormat FT3 35 mm camera was 

used to film the fore~ platform data as recorded on the 



oscilloscope. Additional information relative to the 

cameras may be found in Table 1. 

Instrument 

LOCAM 16 mm 
Model 51-0003 

NAC 

Table 1 

Photographic Instrumentation 

------ -r5escr ipffon _____ - --------

120-degree or 3-factor shutter 
.00333 sec exposure time 
Angenieux Zoom Type 10xl2A 1:2.2 lens 
Focal length 9.14 m, zoom 8.53 m 
f/stop 11 
Lens-to-ground distance 1.21 m 
Lens-to-object distance 12.17 m 

72-degree or 5-factor shutter 
.002 second exposure time 
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Packard Bell Television 25 mm 1:1.9 lens 
Focal length infinity 

Pl 

N i k k o rm at FT 3 

f/stop 8 
Lens-to-ground distance 1.30 m 
Lens-to-object distance 12.13 m 

120-degree or 3-factor shutter 
.0033 second exposure time 
Angenieux Zoom Type 6xl2.5A 
Focal length zoom 7.48 m 
f/stop 11 
Lens-to-ground distance 1.28 m 
Lens-to-object distance 12.29 m 

Shutter speed 15 
Nikkor 55 mm 1:28 lens 
Hoya 52 mm Skylight (B) f i 1 ter 
Focus .5 m 

The charge amplifiers used in the measuring syste~ 
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consisted of one 3-channel Kistler Type 5803 charge 

amplifier and three Kiag Type 5001 charge amplifiers. The 

recording instrument consisted of a Tektronix 5103N 

Oscilloscope housing one Tektronix Dll Single Beam Storage, 

two Tektronix 5Al8N Dual Trace Amplifiers, and one Tektronix 

5Bl0N Base/Amplifier. The final element of the measuring 

system, a transducer, was a Kiag Swiss (Kistler) Type 9261A 

force platform. 

A Numonics Corporation Model 1224 electronic digitizer 

was used to convert positional information into digital 

cartesian coordinates for subsequent data processing. This 

instrument was interfaced to a Digital Equipment Corporation 

(DEC) System 20 computer via RS-232-C. The DEC System 20 

operating under TOPS-20 was used to process the programs for 

this study. A BMDP Statistical Software program, 

PIT-Univariate and Bivariate Spectral Analysis, was used to 

produce the graphical displays and descriptive statistics 

for the final written report. 

Procedures for Data Collection 

A pilot study was conducted indoors during the 1981 

academic year. Only two cameras (spring driven Bell and 

Howell ca~eras, HRl and DRl) were used and the subj~ct 

performed a normal walk across a force platform. 



28 

On the day prior to actual data collection, a complete 

field test was conducted. During this session, the precise 

method of obtaining the film record with respect to camera 

selection, placement, and speed; lense and lighting 

requirements; measuring system placement and testing; and 

ancillary chores were completed. 

On the filming day, all equipment was transported to 

the data collection site. A check of the electrical power 

was made and needed lines were placed. The oscilloscope was 

connected to current and warmed-up with the intensity turned_ 

counter-clockwise. The charge amplifier was connected to 

current and the oscilloscope and warmed-up in the resist 

position. The force platform was achored and connected to 

the charge amplifier and tested. The entire measuring 

system was calibrated using a known weight. 

A transit was placed at the center of the force 

platform (origin of spatial coordinate system). The 

positions for placement of the anterior, lateral, and 

oblique cameras were determined and marked. A line 

representing the desired course of travel for the intended 

movement was also determined and marked. The NAC camera was 

placed at the positive x position, the Pl camera at the 

positive y position, and the LOCAM camera at the positive 

oblique position. Each camera was leveled, plumb bobbed, 
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trained to the transit height, and focused. All pertinent 

information was recorded. A clock, counter, rangepole, and 

plumbline were placed in the field of vision of all cameras. 

A common focal point (metered stick perpendicular to optical 

axes) was established and filmed. The measuring system was 

retested and each camera's view of the subject performing 

the skills was checked. 

Each camera operator was given a filming record card 

con t a i n i n g i n f o rm at i on about : ( a) the f i 1m , ( b) the 1 ens e , 

(c) set-up, and (d) filming procedures. The subject was 

asked to wear a regulation competition leotard for the 

actual filming session. She was further instructed to 

warm-up as she would prior to performing the skill under 

normal conditions. She was to perform the given number of 

repetitions of two skills in her own time after practicing 

each. 

The Nikkormat FT3 and the oscilloscope were shaded from 

the sun by a black photographer cloth and bedding material 

to eliminate glare. Kodak black and white Tri-X Reversal 

film (AS~ 200) was used in the motor-driven 16 rnm cameras 

and Kodak black and white 4-X Reversal film (ASA 400) was 

utilized in the 35 rom camera. Two 35 mm cameras were used 

to determine appropriate f/stops. The subject was filmed at 

measured distances (see Table 1) as she performed the two 
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skills upon the force platform. Filming then commenced 

using the commands "ready", "set" (start cameras), and "go" 

(subject performs; cameras stop when skill completed). Film 

from the motor-driven cameras was developed by Educational 

Enterprises, a firm located in Dallas, Texas. The film from 

the 35 mm camera was developed in a horne laboratory located 

near Denton, Texas. 

Procedures for Analyzing the Performances 

After the 16 mm film was developed, the actual rate for 

each trial was determined using the clock on the film image. 

The trial to be utilized for each skill was selected after 

meeting the following requirements: (a) usable exposure of 

performance seen in all three camera records, (b) 

corresponding exposure of performance seen on the 

oscilloscope as recorded by the measuring system, and (c) 

proper performance of the skill. A Lafayette Motion 

Analyzer was used to view the film recoros frame by frame as 

they were projected so that the resulting images were 

approximately one-fifth life size. 

The displacement data were taken from the film records 

utilizing a Numonics Corportation Model 1224 electronic 

digitizer. The joint centers were ~igitized according to 

Plagenhoef's (1971,1973) link system for every frame for 40 



frames for each trial for the punch jump and for 80'frames 

for the trail arm cartwheel. 
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The film records of the punch skill for th~~antertor 

(FA), lateral (FL), and oblique (FO) views were submitted to 

the programs DIGlC, LAMB, MAKLNK, and LAMB according to 

Kelly (1980). The film records of the punch skill' 'for· the·, 

anterior (FA) and lateral (FL) views were submitted to the 

programs DIG2C, KNMTC2, LAMB, MAKLNK, and LAMB:according to 

Kelly ( 1980) • The film record of the punch sk i1ll· -.for the 

oblique ( FO) view was submitted to the programs·· DIG2C, 

KNMTC2, LAMB, MAKLNK, and LAMB; the same coordinate file-was 

used for both input files. Finally, the film -records of the 

sideward moving trail arm cartwheel skill for the anterior 

(HA), lateral (HL), and oblique (HO) were submitted to the 

same programs as listed for the punch skill; the reader 

should substitute HA, HL, and HO for FA, FL, and FO. 

Each film record was digitized once and stored in a 

separate file. These files were used with the various 

programs in addressing each subproblem; thus, any error in 

digitizing was the same in all subproblems. Point of 

contact with the force platform was selected as the 

reference frame for both skills and as the first frame for 

the trailing arm cartwheel. The last frame to be digitized 

was determined by advancing the film until contact with the 
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force platform was terminated. The first frame to be 

digitized for the punch jump was determined by reversing the 

film from the reference frame 25 frames. The films were 

synchronized with the clock, by frames, and with each other. 

The Nurnonics Corportation Model 1224 electronic digitizer 

was used to obtain coordinate data of the force curves from 

the 35 rom slide records of the measuring system. 

The final output produced via the computer programs 

contained displacements, velocities, accelerations, 

horizontal and vertical forces, moments of force, and 

location of the segmental and total body centers of gravity. 

These data were submitted to the BMDPlT program for 

production of the graphical representations. The graphs of 

the computed and generated output were compared to determine 

the accuracy of each method with regard to the curve of 

computed forces which best approximated the generated 

forces. 

Procedures for the Preparation of the 
Final Written Report 

The final written report of the study was prepared 

after the data were collected, reduced, and analyzed. 

Conventional topical sequences were followed as each chapter 

was developed. Chapters were written ano revised as 
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suggested by members of the dissertation committee. The 

data were organized and interpreted, tables and graphs were 

developed, and the findings were summarized. These were 

then discussed and interpreted, and a conclusion for the 

study was drawn. After recommendations for further study 

were addressed, the final written report of the study was 

concluded with inclusion of the appendices and references. 



CHAPTER IV 

FINDINGS OF THE STUDY 

The findings of the study comparing one- and two-camera 

procedures for the biomechanical analysis of human 

performance are presented in this chapter. Appropriate 

forces computed following each procedure and force platform 

generated forces were to be submitted to the BMDPlT program 

for production of graphical representations. The graphs of 

the computed force curves and the generated output were to 

be compared to determine the accuracy of each method with 

regard to the curve of computed forc8s which best 

approximated the generated forces. 

The findings of the study are presenteJ under the 

following major headings: (a) The Computer Programs, (b) 

The Digitizing Process, (c) The Disposition of the Data, ann 

(d) Summary of the Findings. 

The Computer Progra~s 

All computer programs were copied from the <PHED.LIB> 

Directory into this researcher's account; the dates given 

are per job parameters. E~ch program was examined, studied, 

and/or tested character by charactP.r and line by line in its 
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entirety. This process revealed a number of errors in 

either programming, procedures, or biomechanically sound 

processes; these were corrected and reviewed in detail with 

members of the committee before the collected data were 

submitted to the programs. The computer programs, the 

digitized file, and the information for an example run of 

each are presented in the appendices. No output data are 

presented since the format is so cumbersome; hov1ever, copies 

of the data are preserved on magnetic tape. Each of these 

computer programs will be discussed with regard to syntex, 

logic, and biomechanically accepted principles; all are 

addressed in the order of introduction, deletions, changes,, 

and additions. All current programs start with the letters 

BAHM, an acronym for Biomechanical Analysis of Human Motion. 

DIGlC.FOR was created November 30, 1980. This 

investigator modified the program so that an existing 

digitized file containing only x and y coordinates may be 

processed. It also checks and corrects for the 

absolute/relative angle movement across the right 

horizontal; that is, if the motion crosses the right 

horizontal, the degrees must be in succession (350, 365 or 

5, -10). 

Deleted from the original program were lines concerning 

introductory remarks, new or old ~igitizer selection 
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options, directions, projector jump, and the part accepting 

input from the digitizer. 

The original program required digitizing to occur as 

the program was executed; now, digitizing is completed with 

the data being stored for subsequent program execution. The 

conversion factor variable changing projected to real image 

size was originally declared integer; it is now declared 

real. Changes in the part of the program that call the 

subroutine SLTA, which uses coordinates to define segment 

lengths and absolute angles, were limited to those for 

segments numbered 1, 2, 3, and 8 (foot, shank, thigh, and 

trunk). These call statements originally read from proximal 

to distal and now properly read from distal to proximal for 

segments 1 to 3; for segment 8 they originally read from 

distal to proximal but now read properly from proximal to 

distal. A change that eliminated the need to use one 

program (KINCOR.FOR) was done by simply reversing the DO 

control statement order for the output operation in the 

portion of the program that places data into the files. The 

last change was to properly identify the radian (rad) as the 

unit of angular measurement equal to 57.2958 degrees. 

Four double precision declared output files provide one 

file for each of three links and an explanatory file. The 

major addition to the program was the section that checks 
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and corrects for segment displacement from the right 

horizontal which consists of a calling program and a 

SUBROUTINE subprogram. The CALL statement in the calling,.·) 

program invokes the SUBROUTINE subprogram with the arguments 

for the current and subsequent angles becoming the variables 

compared and returned. 

The original version of DIGlC.FOR still exists in the 

<PHED.LIB> directory. A copy of it reflecting the 

additions, changes, and deletions discussed has been renamed 

BAHMO.FOR. This program generates absolute angles from the 

right horizontal and corresponding segment lengths for all 

frames by each segment. This is the first program to be 

used in the one-camera procedure for the biomechanical 

analysis of human performance. 

DIG2C.FOR was created May 17, 1980. Intervening 

(DIG2C2.FOR and DG2C2A.FOR) and current versions have 

modified the original so that an existing digitized file 

containing only x and y coordinates may be processed. 

Deletions included statements relating to digitizing 

directions, selection and use of the old or new digitizer, 

focal point and projector jump corrections, and general 

introductory remarks. Simple format changes were made, and 

statements generating an explanatory file were incluoed. 

DIG2C.FOR and subsequent versions still exist in 
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<PHED.LIB>. A copy, reflecting the modifications listed, 

has been renamed BAHMTl.FOR; this program is the first in a 

series to be used for a two-camera analysis. It accepts and 

processes 16 sets of coordinates for the total link system 

for each frame and outputs 3 sets of coordinates (end 1, 

vertex, end 2) for two secondary and one primary link 

system. 

KNMTC2.FOR was created l'1ay 18, 1980. No deletions or 

additions were needed, and the only changes made were in 

formating to provide consonance with the system and 

programs. KNMTC2.FOR still exists in <PHED.LIB>. A copy 

reflecting the changes as mentioned has been renamed 

BAHMT2.FOR; this program is the second to be used in the 

two-camera procedures. It reads two input files (anterior 

and lateral views) and outputs three mecged files; one for 

the primary link and two secondary links. 

KINCOR.FOR was created April 21, 1981; it may still be 

found in <PHED.LIB>. No deletions, changes, or additions 

were needed. A copy of it has been renamed BAHMT3.FOR; this 

program is the thirn to be used in the two-camera analysis. 

It rearranges BAHMT2.FOR output so that it is in appropriate 

format for use by BAHMZ.FOR. 

LAMB.FOR was converted on July 15, 1979 for DEC-20 

execution and has been modified And verifiec] AS hereAfter 
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noted. Plagenhoef (1968, 1971) is given credit for the 

computer program, although several people contributed to the 

original version, and many have modified the program since 

then. The following comments reflect modifications to the 

1979 version; the 1968 and 1971 versions and their 

accompanying examples served as the basis of verification. 

A detailed list of deletions, changes, and/or additions will 

not be presented; suffice it to say that system requirements 

relating to format have been met, and all available 

documentation has been exhausted to ensure the completeness 

of the program as it now exists. 

The first of two parts of the program displays input 

angles, output angles, absolute angular velocities and 

accelerations in degrees per second, and the error in a 

least-squares polynomial curve fit. All output generated by 

the 1979 version matched the 1968 and 1971 versions; error 

in fit was not listed in the latter versions. The second of 

two parts of the program accepts the calculateo angular 

velocities and accelerations and produces: (a) the total 

body center of gravity given as an x and y distance in 

centimeters from the fixed point of the link system 

measured, (b) horizontal force in grams, (c) vertical force 

in grams, (d) resultant force in grams, (e) direction of the 

resultant force from the right horizontal in degrees, (f) 
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joint moments in gram-centimeters, (g) the contribution .of·.: 

the motion of each segment to the whole motion, and (h) 

summary tables. Again, all output generated through the 

1979 version matched the 1968 and 1971 versions except for 

data relating to moments. This difference may be attributed 

to the selection of the percentages of the second segment 

length to obtain the center of gravity (r) and radius of 

gyration (k). 

Additional comments concerning the least-squares 

polynomial curve fitting part of the program are in order. 

Strict adherance to the guidelines saying "Polynomial degree 

4 should be used for smooth, slow motions, while more abrupt 

changes in motions would require degree 5 to 9" (Plagenhoef, 

1971, p. 173) may present problems. The degree to be used 

is selected upon comparison of the input and output angles. 

If angles are within a few degrees of each other, the 

calculated angular velocities and accelerations are 

accepted; otherwise, the polynomial should be higher. 

To illustrate this point, one set of data was subjected 

to this program six times; the only difference on input 

being the polynomial selected which was 4, 5, 6, 7, 8, and 

9, respectively. All anatomical parameters and input angles 

were the same for each run; however, output angles differed 

by as ~uch as 6 degrees. Calculateo velocities differed by 
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as much as 1698 degrees per second, and accelerations ranged 

from a negative 311,515 to a positive 208,805 degrees per 

second squared. The error of fit difference reached 10, and 

the center of gravity varied by 3 em. Joint moments 

displayed a difference of 154,207,466 in gram-centimeters. 

One vertical force indicated a negative 64,221 and.a ... 

positive 3,872,202 gram force, and one horizontal force 

differed by 4,290,272 grams. The data for the vertical 

forces as generated by varying the polynomial are_displayed 

in Table 2. To repeat, these tremendous differences· in .". · 
·,( 

output were attained by changing the degree only;_, all. o~h~r·:. 

input data were the same. 

Given this information, the researcher selected polynomial .. 
t' i .-

degree 4 to use with the collected data. Comparisons 

between the one- and two-camera procedures were to qe,based 

only on calculated output since no reasonable assurance 

existed that the "correct'' polynomial was chosen that would 

allow the output to be compared with the force platform 

generated data. 

MAKLNK.FOR was created April 21, 1981. It was ·modified 

so that moments could also be read from the summary tables 

at the bottom of the output. No deletions were made; this 

investigator made only a few format changes in the program. 

Additions included dimension, double precision, and 
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Table 2 

Vertical Forces by Position 

Polynomial Degree 
------------------------------------------------------------

4 5 6 7 8 9 

------------------------------------------------------------
-0.642E+5 O.l20E+7 0.255E+7 O.l09E+7 O.l82E+7 0.387E+7 
-O.l03E+6 0.591E+6 O.l00E+7 0.725E+6 0.923E+6 0.824E+6 
-0.999E+5 O.l98E+6 O.l78E+6 0.374E+6 0.344E+6 O.l92E+5 
-0.774E+5 -0.393E+5 -0.206E+6 -0.100E+5 -0.202E+6 -O.l04E+6 
-0.715E+5 -0.167E+6 -0.297E+6 -0.273E+6 -0.370E+6 -O.l04E+6 
-0.693E+5 -0.214E+6 -0.212E+6 -0.349E+6 -0.279E+6 -0.207E+6 
-0.733E+5 -0.213E+6 -0.744E+5 -0.267E+6 -O.ll8E+6 -0.271E+6 
-0.775E+5 -O.l77E+6 0.245E+5 -0.104E+6 0. 498E+4 -O.l65E+6 
-0.794E+5 -O.ll8E+6 0.419E+5 0.449E+5 0.358E+5 0.552E+5 
-0.803E+5 -0.565E+5 -0.284E+5 0.897E+5 -0.257E+5 O.l55E+6 
-0.817E+5 -0.149E+5 -O.l45E+6 0.270E+5 -O.ll4E+6 0.201E+5 
-0.738E+5 O.l00E+5 -0.237E+6 -O.ll0E+6 -O.l73E+6 -0.276E+6 
-0.533E+5 0.237E+5 -0.220E+6 -0.230E+6 -O.l38E+6 -0.409E+6 
-O.l46E+5 0.344E+5 -0.264E+5 -O.l77E+6 O.l85E+5 -0.332E+5 

0. 536E+5. 0.610E+5 0.303E+6 O.l93E+6 0.243E+6 0.519E+6 
O.l88E+6 0.193E+6 0.558E+6 0.638E+6 0.411E+6 0.430E+6 
0.440E+6 0.723E+6 0.938E+6 O.l31E+7 ·0.333E+6 -O.lllE+7 

------------------------------------------------------------

processing statements which allowe~ reaaing moments from the 

output files for the first and second links, and writing 

them onto the output file for the combined links. 

MAKLNK.FOR still exists in <PHED.LIB>. A copy, 

reflecting modifications as mentioned, has been renamed 

BAHMZ3.FOR; this program should be executed following the 

second running of BAHMZ.FOR. BAHMZ3.FOR provides segment 

position and length data plus force and moment data for the 
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two link systems that include body segments not included in 

the primary chain. These external forces and moments are 

introduced at the appropriate points for the final link 

system analysis. 

The Digitizing Process 

One needed to determine the fixed point of the total 

link system. It was the first point digitized for each 

frame, and final output was based on this point of the 

measured system. The toe of the foot making initial contact 

with the force platform was selected in this study. 

After the data file had been generated, it was screened 

for spurious data which were corrected before submitting the 

file to the computer programs for processing. Three such 

files, FA9B.DIG, FL9B.DIG, and F09B.DIG, were generated and 

used for both the one- and two-camera procedures for the 

biomechanical analysis of human performance. Since the same 

data files were used for both procedures, any digitizing 

error was consistent. 

The Disposition of the Data 

The film records were digitized and stored in separate 

files. They were then subjected to the one- and two-camera 

computer programs. As previously mentioned, all computer 
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programs were modified and renarned. Thus, the "original" 

programs and the "current" progratns both reside in the 

<PHED.LIB> and may be accessed and used independently. The 

"O" in the program BAHMO.FOR stands for One-camera; this is 

the only exclusive program needed for the one-camera 

procedures. The "T" in the programs BAHMTl.FOR, BAHMT2.FOR, 

and BAHt1T3.FOR stands for Two-camera; and the numbers 1, 2, 

and 3 represent the order in which these three two-camera 

programs should be used. The "Z" in the programs BAHMZ.FOR 

and BAHMZ3.FOR was chosen for convenience only; it allows 

these mutually shared programs to be listed after the one

and two-camera programs in a directory. The program 

BAHMZ.FOR is executed twice; once each for the first two 

link systems. The program BAHMZ3.FOR is executed next; it 

uses output from the p1ior runs of BAHMZ.FOR. Finally, 

BAHMZ.FOR is executed once more; the output provides the 

data for the final link system for analysis. 

The trial to be utilized was selected. A discussion of 

the flow of data through the one- and two-camera analysis 

processes follows. The oblique view was digitized and the 

data stored in a file called F09B.DIG, the lateral view was 

placed in FL9B.DIG, and the anterior view in a file called 

FA9B.DIG. These files were rrocessel1 through BAHHO.FOR; 

those data were stored in F09Bl.DIG, F09B2.DIG, F09B3.DIG, 



45 

and F09B4.DIG (Explanatory file only) for the oblique view.>_ 

In naming the files for the other views, this investigator 

substituted in the place of the "O", an "L" and an "A" i fo_r 

the lateral and anterior views, respectively. Execution of 

BAHMZ.FOR twice produced F09Bl.OPT and F09B2.0PT for the 

oblique view. Execution of BAHMZ3.FOR yielded F09B3.0PT and 

the final run of BAHMZ.FOR produced F09B.OPT for the oblique 

view. The lateral and anterior files were processed in a 

similar manner. 

The first program to be used for the two-camera 

procedures, BAHHTl.FOR, produced F_9Tl.DIG, F_9T~.DIG, 

F _ 9 T 3 • DIG , and F _ 9 T 4 • D I G (Ex p 1 an a tory on 1 y f i 1 e) ; "0" , '.,' L" , 

or "A", were used insteaci of the"_" for the oblique, 

lateral, and anterior files respectively. B~HMT2.FOR 

merged, for example, the anterior. and lateral F 9T .DIG 

files which were labeled FAL9T .DIG files. BAHMT3.FOR 

rearranged these files which were labled FAL9T .KIN files. 

Submission of these files through BAHMZ.FOR and BAHMZ3.FOR 

as indicated for the one-camera procedure produced ~AL9T.OPT 

for the combined views. 

Summary of the Findings 

The stuciy was proposed to identify and compare an 

acceptable methodoloCJy which comprises an indication of the 
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relative accuracy of the one- and two-camera procedures used 

in the biomechanical analysis of human performance data. 

The purpose was to verify ~f the true data from the oblique 

view matched those from the anterior and lateral views as 

provided by the computer programs; verification data were 

generated by the force platform. 

Forces computed Eollowing each procedure were to be 

verified by force platfoDn generated forces; however, 

notable preliminary findings rendered this as inappropriate. 

Comparisons between computed output following the one- and 

two-camera procedures were to then be based only on 

graphical representations produced by BMDPlT. This could 

not be done since the BMDPlT program was not yet initialized 

at available computing facilities. Hence, the true data 

from the oblique view coul~ not he used to match the data 

from the anterior an~ lateral views. 

The suggeste~ procedures as developed for both the one

and two-camera techniques appeared to be correct and 

provided an acceptable methodology. All computer programs 

appeared to do exactly what was desired. However, the curve 

fitting method based on the polynomial data smoothing 

technique produced questionable output. The digitizing 

process as described yielded the necessary ~ata for proper 

submission to the computer progra,ns. Use of the steps as 



stated provided a logical, orderly, and sequential 

disposition of the data. 
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CHAPTER V 

SUMMARY, CONCLUSIONS, DISCUSSION, AND 
RECOMMENDATIONS FOR FURTHER STUDY 

The purpose of the study was to verify if the true data 

from the oblique view matched those generated from the 

anterior and lateral views as provi~ed by the computer 

programs. This study was conducted to identify an 

acceptable methodology which comprises an indication of the 

relative accuracy of existing procedures and software used 

in the one- and two-camera procedures for the biomechanical 

analysis of human performance. 

An introduction to the study was followed by a 

statement of the problem which included information about 

the subject, skills, equipment, and da·ta collection 

procedures. Four subproblems were presented, and the 

computer programs, definitions, and explanations used in the 

study were addressed. The orientation to the stu~y ended 

with a listing of the research questions to be answered and 

delimitations. 

The procedures which the investigator adhered to in the 

development of the study were presented once the purpose and 

subproblems were introduced. Preliminary procedures 

included a review of available literature, obtaining 
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permission to use a human subject, and the submission of a 

Prospectus. Criteria for the selection of and information 

about the subject were stated. A presentation of equipment 

used in the study was presented. Specific details about the 

collection of the data preceded the information given 

relating to the analysis of the performance data. A listing 

of the procedures used in the preparation of the final 

written report was presented. 

The comparisons of the computed forces following one

and two-camera procedures with each other and with the force 

platform generated forces based on graphical representations 

produced by BMDPlT were to be used to answer the following 

questions: 

1. Are the one-camera output data files for the 

anterior, lateral, and oblique views accurate as measured by 

the verification data which was generateJ by the force 

platform? The two-camera output data files will be compareJ 

for consistency. 

2. Are the two-camera output dat~ files for the 

anterior .:1nd later-=1l views accurate as 1neasured by the 

verification data which was generated by the force platfor~? 

The one-camera output data files will be compared for 

consistency. 

3. i\re the two-camera output data files for the 
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oblique view produced through DIG2C accurate as measured by 

the verification data vJhich vvas generated by the force 

platform, the one-camera output data files, and the 

two-camera output data files? 

4. Is one procedure a more accurate method of human 

performance data analysis than the other procedure as 

measured by the verification data which was generated by the 

force platform? 

Summary of the Findings 

Notable preliminary findings rendered it inappropriate 

to use force platform generated forces to verify computed 

forces obtained by following both the one- and two-camera 

procedures. Since the BMDPlT program was unavailable, no 

comparisons between computed output following the one- and 

two-camera procedures were possible; this included matching 

the true data from the oblique view with the data fro~ the 

anterior and lateral views. 

The suggested procedures, the digitizing process, the 

disposition of the data, and all computer progra,ns appeareo 

to indicate that an acceptable methodology was followed. 

Derivatives from the polynominl curve fitting conmponent of 

BAH~-1Z.FOR ::>revented furthAr analysis, subsequent comparison, 

and final resolution of the four subprohle~s. 
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Conclusions 

It was concluded that the one- and two-camera 

procedures for the biomechanical analysis of hu~an 

performance are methodologically acceptable. It was further 

concluded that a more accurate ffinoothing technique other 

than the polynomial method for curve fitting displacement 

data is needed. No conclusion can be mane concerning the 

verification or comparisons of computed forces following 

one- and two-camera procedures. 

Discussion 

The one- and two-camera procedures for the 

biomechanical analysis of human perfoDnance appeared to be 

methodically acceptable. A camera speed between 200-300 

frames per second should be used for fast dynamic motions so 

that more fr f:l:nes f r o:n the E i lm record cou 1 d be digiti zer3 and 

subjected to the cornputer progra(ns. 

A digital filtering curve fitting technique for 

smoothing displacement data to derive velocities and 

accelerations is suggested instead of the polynomial fit 

method. The extremely large differences in output as 

obtained by changing only the polynomial degree prevented 

the investigator from completing the study as originally 



designed~ however, this significant finding contributes 

dramatically to the available knowledge as applied to the 

biomechanical analysis of human motion. 
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The availability of a bivariate spectral analysis 

(BMDPlT) program would have allowed selected kinematic 

(displacement and velocity) and kinetic (ground reaction 

force) variables to be studied. Significant differences, if 

any, between the one- and two-camera procedures of 

manipulating these selected kinematic and kinetic variables 

may have been determined. The four subproblems with regard 

to the comparison of the one- and two-camera procedures of 

human performance aata analysis may have been determined if 

the polynomial and bivariate spectral analysis difficulties 

were not encountered. 

Recommendations Ear Further Study 

The investigator submits the following proposals for 

further study: 

1. Replicate this stuoy using a digital filtering 

curve fitting technique in lieu of the polynomial method. 

2. Replicate this study using a direct force platform 

to computer interface, and a 200-300 frame per second camera 

speed. 

3. R~plicate this stu~y whenever a bivariate spectral 
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analysis (BMDPlT) program is initialized. 

4. Replicate this study utilizing different body parts 

as the fixed (non moving) focal point. 
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COMPUTER PROGRAMS 
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Computer P~ograms 

The following lists the order in which the computer programs 

need to be execute~ when doing a one-camera 9rocedure: 

BAHMO.FOR 
BAHt-1Z. FOR 
BAHMZ.FOR 
BAHHZ3.F'0R 
B.2\HM Z • FOR 

for link one 
for link two 
for 1 ink three 
for final output 

The following lists the or.c1er in which the computer programs 

need to be execute(l when doing a two-camera procedure: 

B.2\HMT 1 • FOR 
BAHr1T2. FOR 
BAJI~T3.FOR 

B.2\HMZ. FOR 
BAH~1 Z. FOR 
BAH'-1Z3.FOR 
BA1H·1Z. FOR 

for the link systems 
for merging two files 
for rearranging the merged files 
for link one 
for link two 
for link three 
for final output 

One may write to th~ following address for more information 

con c e r n i n cJ the c; e com p Ll t e r p r o CJ r a rn s : 

B i o:nechan i cs La born tory . 
!)t?o;'lrtm·~nt of Physical Education 
p • 0. 80 X 2 3 7 l 7 . . 
Tex~s ~omAn's UnlvPrslty 
~ 0 ntnn, TAX3S 76204 

ss 
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Digitized Data for Positions 1 to 17* 

X y X y X y 

5.7893/1 0.9514 5.3468/4 0.1120 5.3490/7 0.1580 

9.3961 1.3333 8.8175 1.0213 8.8372 0.9829 

11.0035 10.0297 7.7774 10.1756 5.9251 10.2321 

16.0195 16.2184 13.2530 15.5714 11.0429 15.6940 

15.9434 16.5674 13.3545 1s.sq7o 10.9922 15.6431 

11.0030 10.2837 7.7773 9.2264 5.9509 10.4544 

9.4717 1.2636 8.7169 0.9819 8.7382 0.9257 

5.6367 1.0527 5.3080 0.2900 5.3863 0.3512 

13.6626 26.4211 11.9621 25.9828 10.0332 25.2170 

14.0795 21.0897 10.7779 21.2053 7.2475 23.0712 

11.0639 17.9038 6.6150 19.8251 3.3608 23.3428 

9.6692 16.7834 3.8705 20.4802 0.9437 23.3699 

13.4843 26.5003 12.0123 26.2877 9.9815 26.6741 

13.7748 21.3383 10.2448 21.0518 7.2224 22.9695 

11.1657 17.8024 6.3108 19.5707 3.2336 21.4187 

9.4154 16.6559 3.8226 19.0577 0.7937 22.2012 

5.3847/2 0.4616 5.3511/5 0.1255 5. 33 5 5/8 0.1617 

9.0921 1.2770 8.8045 0.9659 8.7602 1.4146 

10.0137 9.6467 7.0594 10.1778 5.4664 9.9932 

14.7251 16.1332 12.3565 15.6288 10.4308 15.9()28 

14.6996 16.1839 12.1789 15.5269 10.3039 15.9117 

9.9620 10.1038 7.1349 9.6081 5.4655 10.4250 

9.1168 1.1327 8.7053 0.9471 8.6828 1.0240 

5.4606 0.6142 5.3765 0.2510 5.4088 0.3221 

13.0029 26.3897 11.2427 25.7962 9.n483 26.1974 

13.0136 21.0301 9.2465 21.9106 6.3029 23.5077 

10.2248 18.3593 5.4380 20.1410 2.7196 24.4403 

7.3823 17.2106 2.6923 21.3801 0.7349 26.1889 

13.0283 26.2644 11.1191 26.2994 9.2164 27.2473 

12.7592 21.1330 9.2708 21.418() 6.7606 23.2292 

9.6410 18.1804 5.1584 20.2420 2.8218 24.1357 

7.6625 16.8048 3.0754 20.3140 0.4063 25.3501 
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X y X y X y 

5.3321/3 0.1375 5.3575/6 0.1629 5.3351/9 0.1849 
9.0402 1.1103 8.8215 0.9672 8.6580 1.6938 
8.6421 9.6440 6.3799 10.2268 5.1365 9.8401 

13.9386 15.6490 11.6504 15.6574 9.6948 16.6819 
13.7609 15.5978 11.7014 15.4605 9.5678 16.6816 

8.8701 9.9492 6.3798 9.4522 5.0852 10.0686 
8.9894 1.0848 8.7168 0.9326 8.6831 1.8716 
5.3335 0.2647 5.3329 0.3441 5.3586 0.3172 

12.3932 26.3139 10.8178 25.6410 9.0387 27.1962 
11.7434 21.0294 8.4141 22.0133 5.4379 24.1918 

7.9891 18.6089 4.1472 21.8524 2.2346 25.6077 
5.2970 18.4257 1.6301 23.0665 0.5533 28.0682 

12.4443 26.1870 10.5135 26.3609 8.8854 27.6023 
11.5403 20.9782 8.3129 22.8099 6.4039 23.7619 

7.4559 18.4808 4.4276 21.3449 2.5407 24.9734 
5.1716 17.6634 1.4292 21.9485 0.5060 26.3409 



X y 

0.2145 
1.7440 
9.7634 

17.0109 
17.0361 

9.9155 
1.9924 
0.3399 

5.3356/10 
8.3785 
4.8572 
9.0845 
8.9828 
4.7045 
8.5852 
5.3357 
8.5814 
5.1323 
2.1318 
0.6057 
8.4802 
5.4902 

27.2207 
24.5975 
26.2425 
28.6815 
28.0427 
24.4553 
25.4555 
27.5347 

2.3111 
0.6036 

5.3406/11 0.2142 
8.2032 2.0997 
4.5769 10.2200 
8.0165 17.6183 
8.0166 17.5675 
4.4249 10.0419 
8.4541 2.0744 
5.3842 0.3156 
8.2747 28.1599 
4.1900 25.8149 
1.6448 28.4260 
0.7507 30.9388 
8.0209 28.0577 
4.6497 24.5712 
2.0023 27.4615 
0.6778 29.3130 

X y 

0.2925 
2.1747 

10.5240 
18.5046 
18.5300 
10.7268 

5.3444/13 
7.8189 
3.9699 
6.6685 
6.6430 
3.9663 
7.7165 
5.3610 
6.8760 
1.5703 
1.5367 
1.2531 
6.9783 
3.1989 
1.6725 
0.9584 

2.5301 
0.3110 

29.0207 
27.5876 
31.6769 
33.7592 
28.6907 
26.0923 
29.6458 
31.9052 

5.3591/14 0.3378 
7.4365 2.8343 
3.9142 11.3617 
5.7518 19.6712 
5.6756 19.6710 
3.7867 11.6408 
7.4874 2.8090 
5.3585 0.3680 
6.5951 29.4821 
1.2620 29.2888 
1.2035 33.1749 
1.2745 35.7404 
6.5697 29.7566 
2.4583 28.0466 
1.5602 32.6168 
1.2502 35.2070 
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X y 

5.4854/16 
6.6973 
3.7077 
3.8438 
3.8438 
2.7846 
6.6711 
5.4099 
5.2709 
0.4170 
0.8410 
1.4163 
5.2706 

0.5190 
4.1282 

12.0123 
21.1406 
21.1406 
12.6822 

1.3859 
1.3764 
1.3723 

4.5600 
0.4509 

31.4558 
32.7161 
36.6032 
38.6357 
31.6336 
30.8638 
35.6136 
37.6202 

5.5871/17 0.5430 
6.5703 5.1280 
3.5312 12.3515 
3.0307 21.2913 
3.0306 21.3421 
1.9647 12.8828 
4.5567 5.2784 
5.3514 0.5684 
3.1569 47.0218 

-0.8851 48.6901 
-0.8671 52.3986 
-0.7709 55.0658 

3.1563 47.3012 
-0.7807 47.3187 
-0.3832 51.7391 
-0.0828 53.9495 



X y 

0.2689 
2.1449 

10.3680 
17.9214 
17.9721 
10.3968 

5.3584/12 
8.0227 
3.9928 
7.1777 
7.1014 
4.0940 
7.9206 
5.3086 
7.4355 
2.9955 

2.1241 
0.3106 

28.6662 
26.1935 
29 .. 5182 
31.9807 
28.3613 
24.9254 
28.1721 
30.4562 

1.5680 
1.0026 
7.4107 
3.9632 
1.7215 
0.7517 

X y 

0.4208 
3.3511 

11.8751 
20.1111 
20.0854 
11.8091 

5.4873/15 
7.1073 
3.8660 
5.09~5 

4.9909 
3.3383 
7.1826 3.7830 

0.3179 
29.7805 
30.1262 
33.9368 
36.3755 
30.4756 
28.2739 
33.0741 
35.2328 

5. 3"344 
5.7823 
0.8794 
1.1765 
1.3240 
5.7321 
1.7975 
1.4847 
1.3533 

*The "/ " shows 
the starting 
digitized 
fixed point 
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BAHMO.FOR is an interactive program. Nine requests are 

made; the following example illustrates appropriate 

responses to each. The requests are enclosed in "? 

?", and the answer follows. 

?Enter your name? 
Walter Ray Harvey 
?Enter a name for this project (limit 40 characters)? 
Onecam,foot,oblique,nine,3,FP 
?Enter the name of your digitized file? 
F09B.DIG 
?Enter a name for your FIRST output file? 
F09Bl.DIG 
?Enter a name for your SECOND output file? 
F09B2.DIG 
?Enter a name for your THIRD output file? 
F09B3.DIG 
?Enter a name for the EXPLANATORY output 
F09B4.DIG 
?Enter the nUtnber of frarnes digitized? 
17 
?Enter the conversion factor? 
4.79 

file? 

The program will now execute, and you will receive a message 

"Your data files are ready". 

BAHMTl.FOR will have the same requests except it will 

not ask for the conversion factor; appropriate answers 

should be rendered. 

BAHMT2.FOR will have different requests; file name 

responses should follow those you used in BAHMTl.FOR. 

Again, the computer qeneratec1 lines are enclose(1 in"? 

.?'', and appropriate answers Are given. 
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?Enter the meter stick data for the front view? 
?end 1 (x,y) :? 0.0,0.0 
?end 2 ( x, y) :? 1. 1, 1. 1 
?enter the meter stick aata for the side view? 
? end 1 ( x, y) : ? 0 • 0 , 0. 0 
?end 2 (x,y) :? 1.2,1.2 
?enter the name of the front data file? 
fo9cl.ciig 
?enter the name of the side data file? 
fo9c2.dig 
?enter a name for the output file? 
fo9cl2.ciig 
?enter the numer of joints per frame in 
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these data files (usually- 6 for link 1&2 and 7 for link3)? 
6 
?enter the number of frames included in each file? 
29 

You will receive a message "Your merged data file ---
ready". 

is 

BAHMT3.FOR is next in the two camera procedures. Your 

will respond accordingly upon execution of the program. 

?This program rearranges kn:ntc2 output 
for use by lamb.for prograffi? 
?how many frames do you have? 
29 
?how :nany segments for each E r a:ne? 
7 
?enter the name of the knmtc2.for output 
file to be rearrange~? 
fo9cl2.dig 
?enter a name for the output file? 
fo9cl2.kin 

BAHMZ.FOR may now be execute~ for either the one- or 

two-camera procedures. It is initially executed twice, an~ 

vl i 11 be run a g a i n a f t e r yo 11 ex e cute BAH M Z 3 . ? 0 R • ·r here a r e 
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13 requests presented by BAHMZ.FOR; some will have multiple 

input data. These questions are hereafter listed 1, 2, 3, 

••• , 13 with appropriate answers. When different 

information is needed for different links (runs) of the 

program, the responses are indicated by Ll, L2, and L3, 

respectively. 

1. L1= F09C1.DIG, L2= F09C2.DIG, L3= F09C3.DIG 
2. L1= F09C1.0PT, L2= F09C2.DIG, L3= F09C3.DIG 
3. Forces and moments, external forces 
4. Onecam, L1, L2, L3 
5. L1= 7, L2= 7, L3= 8 
6. 29 
7. 0.0, 0.0123 
8. L1= 0,48.25,1,0,0 

L2= 4,48.25,1,0,0 
L3= 4,48.25,1,0,0 

9. L1= 0.500,0.690 L2= 0.500,0.690 L3= 0.500,0.690 

10. L1= 

0.581,0.657 0.581,0.657 0.581,0.557 
0.572,0.658 0.572,0.658 0.572,0.658 
0.500,0.610 0.569,0.750 0.569,0.750 
0.428,0.535 0.458,0.564 0.500,0.640 
0.419,0.514 0.434,0.530 0.458,0.564 
0.500,0.690 0.468,0.549 0.434,0.530 

14.141 L2= 14. 141 
41.59~ 41.592 
41.426 41.426 
19.964 48.247 
41.426 28.782 
41.59/. 26.619 
14.141 9 •. Snt; 

L3= 
0.468,0.549 

14.141 
41.59?. 
41.426 
48.427 
33.274 
/.8.782 
26.61q 
9.566 



11. 258 
12. Ll= 661.342 

2660.288 
5842.688 
7936.110 
5842.688 
2660.288 
661.342 

13. Ll= 4 
4 
4 
4 
4 
4 
4 

L2= 661.342 
2660.288 
5842.688 

26453.700 
1442.025 

780.682 
248.625 

L2= 4 
4 
4 
4 
4 
4 
4 

L3= 661.342 
2660.288 
5842.688 

26453.700 
8463.195 
1442.025 

780.682 
248.625 

L3= 4 
4 
4 
4 
4 
4 
4 
4 

BAHMZ3.FOR is executed after two runs of BAHMZ.FOR. 

?Input file to last link (Link 3) :? F09C3.DIG 
?Output file from first lamb run:? F09Cl.OPT 
?Output file from second lamb run:? F09C2.0PT 
?Output file naine for this progra•n:? F09C3.0PT 
?Number of frarnes:? 29 
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