M.I.T. Media Laboratory Perceptual Computing Section Technical Report No. 429Appear in: Proceedings of the Winter Annual Meeting of the American Society of Mechanical Engineers, 1997 IDENTIFICATION OF SPHERE SIZE USING THE PHANToM“:TOWARDS A SET OF BUILDING BLOCKS FORRENDERING HAPTIC ENVIRONMENT Hong Z. TanMassachusetts Institute of TechnologyThe Media LaboratoryRoom E15-383, 20 Ames StreetCambridge, Massachusetts 02139Tel. (617) 253-3891Fax. (617) 253-8874hongtan@media.mit.edu ABSTRACTThis paper presents an approach to developing buildingblocks for rendering synthetic haptic environments using force-reflective haptic interfaces. The task of sphere size identificationis used to explore an accurate and efficient way of estimating humanperformance using the absolute identification paradigm. Theresults show that subjects can reliably identify 3 to 4 sphere sizeswith a set of spheres ranging from 10 to 80 mm in radius. Subjectswith prior experience with force-reflective haptic interfaces exhibithigher performance levels. The results also indicate that graduallyincreasing stimulus complexity yields more accurate measurementsof information transmission at little additional cost in terms oftotal number of experimental trials. Subsequent studies will utilizethe new experimental protocol developed in this study. 1.INTRODUCTIONMuch progress has been made in the recent years in the area ofhaptic human-machine interfaces, and much work still remains(e.g., see reviews by Srinivasan, 1994; and Burdea, 1996). Hapticinterfaces are devices that enable manual interactions withsynthetic environments or teleoperated robotic systems.Compared with visual and auditory systems, haptic interfaces areunique in the sense that they are both displays and controllers.The basic parameters that are displayed or used for control are forceand position (and their spatial and temporal distributions), throughwhich the human user experiences a synthetic haptic environment(Fig. 1). This paper is mainly concerned with the use of hapticinterfaces as displays of synthetic haptic environments.To demonstrate that a haptic display is effective, quantitativehuman studies at several levels are essential. The three frequentlyused psychophysical paradigms are detection, discrimination, andidentification. Absolute detection thresholds obtained from

VirtualEnvironmentorTelerobot HapticHuman-MachineInterfaceHumanUserDISPLAYCONTROLLER Synthetic Haptic Environment Figure 1. Haptic human-machine interfaces are bothdisplays and controllers.detection studies reveal the smallest parameter values that a humancan perceive. Differential thresholds obtained from discriminationstudies reveal the smallest perceivable differences in parametervalues between a reference and a test object (see Gescheider, 1985for a reference on these paradigms). When detection anddiscrimination experiments are conducted properly, results are notdependent on test apparatus. Knowledge of detection anddiscrimination thresholds can therefore guide the hardware designspecifications for haptic human-machine interfaces in general (see,e.g., Tan, Srinivasan, Eberman, & Cheng, 1994).Absolute identification paradigms measure a human observer�sability to categorize parameter values without providing explicitreferences. If the human haptic sensory system is viewed as a noisycommunication channel, then identification experiments reveal thecapacity of such a channel in transmitting haptic information.While detection and discrimination performance is limited mainlyby sensory noise in the peripheral somatosensory system,identification performance is also limited by memory noise (e.g.,see Durlach & Braida, 1969 for a model and data in the area ofauditory intensity perception). Therefore, the absolute

- 2 -identification paradigm is more appropriate for evaluating how wellhuman users perform with haptic interfaces. In addition, becauseresults of the absolute identification paradigm are expressed in bitsof information transferred between a human operator and a device, itis possible to make direct performance comparison of differenthaptic interfaces and displays for different modalities. Forexample, in his classical paper, Miller (1956) concluded thatidentification performance is limited to 2—3 bits (i.e., people canreliably identify about 7–2 categories) when a human observer isasked to attend to changes in one parameter, regardless of thesensory modalities involved.There are many examples in daily lives where people do muchbetter than 2—3 bits (e.g., face recognition). The key is to employmany parameters that are perceptually distinctive and yet do notinterfere too much with one another when they are combined.Recently, Tan (1996) used the absolute identification paradigm as atool to explore ways of achieving optimum informationtransmission with a three-finger position display called theTactuator. It was found that as much as 6.5 bits (corresponding toperfect identification of 90 movement patterns of three fingers) canbe achieved by constructing stimuli from a set of carefully chosen�building blocks�. These building blocks were slow motion,fluttering/rough motion, vibration, their associated frequencies andamplitudes, stimulation site and direction of motion. The sametechnique can be used to identify the haptic primitives that a forcedisplay can render in creating a synthetic haptic environment.The overall goals of the current and subsequent studies are (1)to explore the various haptic features (e.g., size and stiffness) thatgive rise to distinctive perception, (2) to establish baselineperformance levels for identifying values of single features inisolation (or with values of other features held constant), (3) tomeasure the amount of perceptual interference when multiplefeatures are combined, and finally (4) to develop a set of �buildingblocks� for rendering haptic objects based on these features andtheir interaction. Much work has been accomplished in the past inthe area of using position displays to deliver speech information topeople with hearing or visual impairments (see Summers, 1992 andGeldard, 1973). A significant challenge in the general use of thesedevices is the amount of training that is required for the user to learnto associate the often unfamiliar haptic sensations with meaningfulmessages or events. Force-reflective devices have the advantage ofdelivering information that feels �natural� to novice users. It ishoped that an understanding of the salient haptic features will havea significant impact on the way haptic rendering software systemsare designed.This paper can be viewed as a method validation for subsequentwork. The current study uses the example of sphere sizeidentification to examine how to accurately and efficiently collectdata with human observers using the absolute identificationparadigm. The task of identifying sphere size was chosen becausesize is a salient feature of any object, and a sphere is a three-dimensional object whose size can be characterized with only oneparameter, namely its radius. Section 2 introduces the absoluteidentification paradigm and issues related to the accuracy andefficiency of estimating information transfer. A new approach tochoosing stimuli is presented. Section 3 describes themethodology of this study. Section 4 summarizes the experimentalresults. Finally, a general discussion is presented in Section 5. 2.ABSOLUTE IDENTIFICATION PARADIGMThe absolute identification paradigm involves a set of

kstimuli

Si,

1≤ i ≤ k, a set of

k responses,

Rj,

1≤ j ≤ k, and a one-to-one mapping between the stimuli and responses. The stimuli arepresented one at a time in random order with equal a prioriprobabilities and the subject is instructed to respond to eachstimulus presentation with the response defined by the one-to-onemapping, i.e., to identify which of the

k stimuli was presented.Without loss of generality, it is assumed that

Ri is the label for

iunder the one-to-one mapping. In other words,

k× k matrix in which the entryin row

i and column

j specifies the number of times stimulus

Siled to response

Rj. In other words, it is assumed that the trials arestatistically independent and all possible sequential effects areignored. The Concept of Information and Its EstimateThe data processing scheme for an absolute identificationparadigm adapts concepts and mathematics from informationtheory (see Cover & Thomas, 1991 for an introduction toinformation theory; see Garner, 1962 and Quastler, 1954 forapplying information theory to Psychology). Information issomething we get when we learn something we didn’t know before.Any communication act provides information only insofar as itreduces a condition of ignorance or uncertainty about the state ofthings under consideration. Information transfer (

IT) measures theincrease in information about the signal transmitted resulting fromknowledge of the received signal. For a particular stimulus-response pair

IT) is thus given by

IT = P(Si,Rj )log2 P S^i R^j( )P S_i( ) i=1 k∑_{j=1}^k∑ ,(1)or, equivalently

IT = P Si,Rj( ) i=1k∑ j=1k∑ log2 P Si,Rj( )

P Si( )P Rj( ) ,(2)where

P(Si,Rj ) is the joint probability of stimulus

Si and Rj, and

P Rj( ) ισ τηε προβαβιλιτψ οϕ

Rj.A related quantity,

2IT, is interpreted as the number ofstimulus categories that can be correctly identified. It is an abstractconcept since

2IT is not necessarily an integer.

- 3 -The maximum likelihood estimate of

IT,

ITest, from a first-order stimulus-response matrix is computed by approximatingunderlying probabilities with frequencies of occurrence:

ITest = nijni=1k∑j=1k∑ log2 nij ⋅nni ⋅nj ,(3)where

n is the total number of trials collected,

nij is the number oftimes the joint event

(Si,Rj ) occurs, and

ni = nijj=1k∑ ανδ

nj = niji=1k∑ αρε τηε ροω ανδ χολυμν συμσ. Υνϕορτυνατελψ,

ITest isnot only subject to statistical fluctuations, but it is also a biasedestimate: it tends, for a limited number of trials, to overestimate

IT^{est givenlimited amount of experimental data. Miller (1954) derived acorrection formula,}

( ) logken

- �( ) ( ) 1 2 2 2

, based on the first-orderdifference between

IT and the expected value of

ITest. Whenperformance level is high and

n is not significantly larger than

k2(e.g.,

n < 5k2), Miller�s formula tends to over-correct. An extremecase is that when performance is perfect (therefore no correction isneeded), the correction term is nonzero unless

n >> k2. Houtsma(1983) presented a computer-simulated approach to derive unbiasedestimates of mutual information for a tactile identification task (seeRabinowitz et al., 1987) with

k =125 and

n = 5,000. Responseswere modeled as

l values were generated from simulatedstimulus-response confusion matrices, and the maximum

n wassufficiently large for the curves to reach asymptotic levels.Empirically determined

ITest vs.

n curve was fit to the nearestsimulated function and the asymptotic value of the simulated curvewas read off as the unbiased estimate of

IT. One interestingfinding in Houtsma (1983) was that when

l was very small (i.e.,performance level was high),

IT^{est asymptoted. Issues in Designing an Absolute IdentificationExperimentFive issues need to be addressed in designing an absoluteidentification experiment. First, the range of parameter(s) need tobe determined. According to Durlach & Braida (1969) and Braida &Durlach (1972),}

IT increases as parameter range increases until itreaches its asymptotic value. Therefore, whenever possible, thelargest range should be used in order to obtain the highest

IT.Second, number of stimulus alternatives

k needs to be determined.It is generally accepted that

IT equals

log2 k (also called stimulusuncertainty when all stimuli are presented with equal a prioriprobabilities) when

k is large. Therefore,attempts to determine the maximum

IT (i.e., the plateau level)usually involve selecting a

k such that

log2 k is large (by 1 or 2bits) relative to expected

IT. A larger

k, however, usually requiresmore trials to be collected. The third issue concerns spacingbetween the

k stimulus alternatives. Ideally, adjacent stimulishould be separated by equal number of just-noticeable-differences(see Gescheider, 1985). This means logarithmic spacing whenWeber’s law applies (see Gescheider, 1985). Another commonlyused method is linear spacing assuming that perceptual sensitivityincreases linearly with the difference in parameter value. The idealspacing between stimuli can only be determined by discriminationstudies. The fourth issue concerns how to determine the totalnumber of trials to be collected,

5k_{2 number of trials. This can quickly becomeformidable if}

k is large. Finally, a training procedure needs to beset up and criteria for the termination of training need to bedetermined beforehand.Tan (1996) found that the relationship between

IT and

k wasnot necessarily monotonic. Therefore, selecting one large

k maynot reveal the maximum

IT that can be achieved by a humanobserver. In this study, subjects were tested with a few

k = 2 and

n = 5k^2 = 20. This short,trivial task served to familiarize subjects with experimentalprocedures in general. In each subsequent test,

k was doubled untilpercent-correct scores were significantly lower than 100%, whichcorresponded to a saturation in

IT. 3.GENERAL METHODS ApparatusThe PHANToM‘ (SensAble Technologies Inc., Cambridge,MA) was used to deliver stimuli in the current study. The PHANToM(Personal HAptic iNTerface Mechanism) is a point-contact force-reflective device that monitors the 3D position of the tip of athimble or a stylus and applies a three-dimensional force-vectorthat is appropriate for the synthetic haptic environment it renders(Massie, 1996). The model used in this study (ver. 1.0a) isequipped with a stylus with an activation switch. StimulusAfter examining the work space of the PHANToM, it wasdecided that a hemisphere on a vertical wall would be generated fortwo reasons (Fig. 2). First, as noted in Massie (1996, “FeelingThrough an Object”, p. 17), when the human observer uses a stylusto feel the back side (i.e., the side away from the observer) of asimulated sphere, the user can only feel a force at the tip of thestylus although part of the stylus may be inside the simulatedsphere. A novice user may be distracted by this “unnatural” effect.Second, the work space is about twice as wide (in

X direction) andtall (in

k values, radius range waskept at its maximum. Both linear and logarithmic spacings wereused for generating stimuli.To calibrate the size of a stimulus, a pencil head was attachedto the end of the stylus. The user traced the great circle where the

- 4 - (a) Front view.(b) Side view.XYZStylus Rest Position Figure 2. Illustration of a hemisphere on a vertical wall.hemisphere intersects the plane of the wall. By placing a padslightly behind the wall, it was possible to get a drawing of thegreat circle. The radius of the circle was then measured to estimatethe perceived radius of the hemisphere. It was found that theestimates were within 2 mm of intended radius values. Consideringthe fact that human fingerpads can easily yield by 2 mm whengrasping a physical object, this was considered to be acceptable. SubjectSix subjects, three females (S1, S3 and S4) and three males(S2, S5 and S6), participated in this study as unpaid volunteers.They were divided into two groups. Subjects S1 to S3 were testedwith linearly-spaced stimuli (e.g., 10.0, 45.0 and 80.0 mm), whilesubjects S4 to S6 were tested with logarithmically-spaced ones(e.g., 10.0, 28.28 and 80.0 mm). Among the subjects, S1, S4 andS6 are experienced users of force-reflective devices. ProcedureEach subject was trained and tested with a set of synthetichemispheres on a synthetic vertical wall. The locations of thehemispheres on the wall were randomized within roughly a 200 mmby 200 mm area (see Fig. 2a). During training, the subject entered anumber between 1 and

k (number of radius values in the stimulusset), and the PHANToM simulated a synthetic hemisphere with thecorresponding size. During testing, the standard absoluteidentification paradigm was used. Subjects used integers between 1and

k as responses (with 1 corresponding to the smallest radiusvalue and

k to the largest). The radius values of the smallest andlargest hemispheres were always kept the same (i.e.,

11.522.533.50.511.522.533.5ITest (n=10k2)ITcor (n=10k2)ITest (n=5k2)ITcor (n=5k2) IT (bits)log2k (bits)MaximumAchievableInformationTransmission2IT=52IT=4 Figure 3. Estimated information transfers for subject S1.During the experiment, the subject sat in dark in front of thePHANToM with the right hand holding onto the stylus of thePHANToM, and the left hand typing responses on a keyboard. Themonitor was placed to the left of the subject�s body, such that thesubject looked away from the PHANToM during the experiments. 4.RESULTSData for subject S1 are summarized in terms of

ITest,

ITcor andpercent-correct scores as functions of

log2 k, where

IT IT k e n

cor est=--

( ) � ( ) () 1 2 2 2log /

is the corrected estimate of

ITusing Miller’s (1954) formula. Fig. 3 shows estimated andcorrected

IT for the initial

5k2 trials and for all

10k2 trials. Ingeneral, estimated

IT increases with

2

5k_{2 trials are sufficient. The correction termvaries from 0.03 to 0.11 bits for}

n = 5k2 and 0.02 to 0.05 for

n =10k2, and therefore is not significant compared with theasymptotic

IT values. As mentioned before,

ITcor tends to beover-corrected when performance level is high. This is evident inthe cases of

k = 2,3,4 when S1�s percent-correct scores are 100%(see also Fig. 4). Although it might be theoretically important toconsider the differences among the four measurements shown inFig. 3, the practical goal here is to determine the maximum numberof radius values that can be perfectly identified within a radius rangeof 10 to 80 mm. In other words, only

IT values that correspond tointeger

IT^{est and}

IT_{cor values at}

k = 5,6,8 are allwithin this

IT range, it is clear that S1 can perfectly identify atmost 4 radius values. This result is further supported by the factthat S1 did perform perfectly when

k = 4.From Fig. 4, it is clear that percent-correct scores are 100%when

k is very small and decrease as

k increases. Althoughpercent-correct scores cannot serve as a parsimonious measure ofidentification performance like an asymptotic

ITest can, it can be

- 5 -7080901000.511.522.533.5%correct(n=10k2)%correct(n=5k2)

%correctlog2k (bits) Figure 4. Percent-correct scores for subject S1.used as an empirical indication of whether subject’s performance interms of information transmission is saturated. For example, ascan be seen in Fig. 4, percent-correct scores below 95% (i.e., for

IT^{est values for all subjects are shown in Fig. 5. Thehorizontal lines indicate performance levels corresponding to 3, 4and 5 perfectly-identified categories. If only the data points at}

k =8 are considered (which would be the case with theconventional experimental method of selecting one large

k value),then it can be concluded that S1 and S4 can correctly identify 4radius values, S2 and S6 can correctly identify 3 radius values, andS3 and S5 can correctly identify at most 2 radius values. Priorexperience with force-reflective haptic interfaces (as in the case forS1, S4 and S6) results in better performances. An examination ofS2 and S6’s data at

k = 4, however, reveals that both subjectsperformed perfectly with 4 radius values. S3 and S5�s data at

k = 4indicates that these subjects can correctly identify 3 radius values.In other words, subjects S2, S3, S5 and S6 achieved higher

k = 2, all subjects performed perfectly except for S3. An interviewwith S3 after the experiments revealed that this subject sometimesconfused the force due to mechanical limits at the workspaceboundary with that simulated for synthetic objects. This mayexplain why this subject was not even able to distinguish a pair ofspheres with radius values as different as 10 and 80 mm.In summary, all subjects who are experienced with force-reflective displays (S1, S4 and S6) as well as one inexperiencedsubject (S2) can correctly identify at most 4 sphere sizes. Oneinexperienced subject (S5) can correctly identify at most 3 sphere11.522.533.50.511.522.533.5S1S2S3S4S5S6

IT

est (bits)log2k (bits)MaximumAchievableInformationTransmissionn=5k22IT=52IT=42IT=3 Figure 5. Estimated information transfers for all subjects.4050607080901000.511.522.533.5S1S2S3S4S5S6

%correctlog2k (bits)n=5k2 Figure 6. Percent-correct scores for all subjects.sizes. It is not clear if S3�s performance level would have beenhigher if this subject have had more experience with force-reflective haptic displays in general.Fig. 6 shows the percent-correct scores for all subjects. It isinteresting to note that a higher percent-correct score does notnecessarily result in higher

IT^{est. This is because that percent-correct scores only look at the main diagonal cells in the}

k× kstimulus-response matrix whereas

ITest measures also take intoaccount the spread and consistency of non-diagonal cells.As mentioned above, subjects S1 to S3 were assigned linearly-spaced stimulus sets and the others were assigned logarithmically-spaced ones. It seems that this does not have a significant impact

- 6 -on performance levels since the two subjects who achieved highest

ITest scores (S1 and S4 in Fig. 5) are from both groups.Subjects used different strategies in judging the size of thehemispheres simulated in this study. Although judging the radiusof the great circle where a hemisphere joins the vertical wall shouldyield (intuitively) the most accurate estimate, not all subjects reliedsolely on circling the great circles. According to anecdotal notes,S1 rarely felt the great circles. This subject followed the convexsemisphere surface to get a feeling for the curvature of that surface.S2 tried to gauge the protrusion of the hemisphere in the

k was introduced in this study. Itwas found that for some subjects,

ITest peaked at

k = 4 and droppedat

k =8. Thus it seems that selecting a few

k values (instead ofselecting one large

k value) is a more accurate way of estimatingmaximum

IT. It is an efficient method as well. The total number oftrials each subject (except S1) performed was

5⋅22 +5⋅42 +5⋅82 = 420, compared to 405 trials for

k values are also minimized.It is not clear why the relationship between

ITest and

k ismonotonic for some subjects and exhibits a peak for others. If asubject’s response is modeled as a normally-distributed noisevariable, then the

ITest vs

k curve should always be monotonic. Itis possible that different amount of memory noise are present forlow and high k values. This is one issue that needs furtherinvestigation and modeling. Another unresolved issue concernsspatial distortion of haptic percepts. Fasse, Hogan, Kay & Mussa-Ivaldi (1997) found that a human observer’s perception of length,angle and orientation are distorted. In the current study, one subjectcommented that spheres felt differently depending on their distancefrom the subject’s body.Future studies will follow the goals outlined in the Introductionsection of this paper. The new experimental protocol of graduallyincreasing stimulus complexity will be used. The ultimate goal isto develop a set of haptic primitives for rending synthetic hapticenvironments. ACKNOWLEDGMENTThis work would not have been possible without the generousloan of the PHANToM used in this study by SensAbleTechnologies, Inc. This study is supported in part by BritishTelecom and in part by the Things That Think Consortium at theMIT Media Lab. The author wishes to thank Scott Brave, AndrewDahley, Ifung Lu, Mandy Myers and Wendy Plesniak for their workas subjects and for their insightful comments. The thoughtfulcomments and suggestions of three anonymous reviewers are alsogreatly appreciated. REFERENCESBraida, L. D., and Durlach, N. I., 1972, “Intensity perceptionII. Resolution in one-interval paradigms,” The Journal of theAcoustical Society of America, Vol. 51, 483–502.Burdea, G. C., 1996, Force and Touch Feedback for VirtualReality, John Wiley and Sons, Inc.Cover, T. M., and Thomas, J. A., 1991, Elements ofInformation Theory, New York: John Wiley and Sons, Inc.Durlach, N. I., and Braida, L. D., 1969, “Intensity perceptionI. Preliminary theory of intensity resolution,” The Journal of theAcoustical Society of America, Vol. 46, 372–383.Durlach, N. I., Delhorne, L. A., Wong, A., Ko, W. Y.,Rabinowitz, W. M., and Hollerbach, J., 1989, “Manualdiscrimination and identification of length by the finger-spanmethod,” Perception and Psychophysics, Vol. 46, 29–38.Fasse, E. D., Hogan, N., Kay, B. A. and Mussa-Ivaldi, F. A.,1997, “Haptic interaction with virtual objects: Spatial perceptionand motor control,” Accepted conditionally for publication inBiological Cybernetics.Garner, W. R., 1962, Uncertainty and Structure asPsychological Concepts, New York: John Wiley and Sons, Inc.Geldard F. (Ed.)., 1973, Proceedings of the Conference onCutaneous Communication Systems and Devices, April 17–18,Monterey, CA. The Psychonomic Society, Inc.Gescheider, G. A., 1985, Psychophysics: Method, Theory, andApplication (2nd ed.), Hillsdale, New Jersey: Lawrence ErlbaumAssociates.Houtsma, A. J. M., 1983, “Estimation of mutual informationfrom limited experimental data,” The Journal of the AcousticalSociety of America, Vol. 74, 1626–1629.Massie, T. H., 1996, “Initial Haptic Explorations with thePhantom: Virtual Touch Through Point Interaction,” Master’sThesis, Dept. of Mechanical Engineering, Massachusetts Instituteof Technology.Miller, G. A., 1954, “Note on the bias of informationestimates,” In H. Quastler (Ed.), Information Theory in Psychology,95–100.Miller, G. A., 1956, “The magical number seven, plus orminus two: Some limits on our capacity for processinginformation,” The Psychological Review, Vol. 63, 81–97.

- 7 -Proctor, R. W., and Reeve, T. G. (Eds.), 1990, “Stimulus-Response Compatibility: An Integrated Perspective,” Advances inPsychology, Vol. 65. North-Holland: Elsevier Science Publishers.Quastler, H. (Ed.), 1954, Information Theory in Psychology:Problems and Methods, Glencoe, IL: The Free Press.Rabinowitz, W. M., Houtsma, A. J. M., Durlach, N. I., andDelhorne, L. A., 1987, “Multidimensional tactile displays:Identification of vibratory intensity, frequency, and contactorarea,” The Journal of the Acoustical Society of America, Vol. 82,1243–1252.Rogers, M. S., and Green, B. F., 1954, “The moments ofsample information when the alternatives are equally likely,” In H.Quastler (Ed.), Information Theory in Psychology, 101–108.Srinivasan, M. A., 1994, “Haptic Interfaces,” in Durlach, N. I.and Mavor, A. S. (Eds.), Virtual Reality: Scientific andTechnological Challenges, Chap. 4, National Research Council,National Academy Pess, Washington, D.C.Summers, I. R. (Ed.), 1992, Tactile Aids for the HearingImpaired, London: Whurr Publishers.Tan, H. Z., 1996, “Information Transmission with a Multi-Finger Tactual Display,” Ph.D. Dissertation, Dept. of ElectricalEngineering and Computer Science, Massachusetts Institute ofTechnology.Tan, H. Z., Srinivasan, M. A., Eberman, B., and Cheng, B.,1994, “Human factors for the design of force-reflecting hapticinterfaces,” In Dynamic Systems and Control, DSC-Vol.55, 353–359, The American Society of Mechanical Engineers.