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Kinematic Form and Scaling: Further Investigations
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QObservers are able to judge accurately the weight hfted by another person when only the motions of
reflective patches attached to the hfter’s major hmb jomnts and head can be seen (Runeson & Fryk-
holm, 1981) What properties of these complex kinematic patterns allow judgments of weight to be
made? The pattern of vanation 1n velocity of the ifted object over position 1s explored as a source of
information for weight It 15 found to provide limited information How are variations 1n kinematic
patterns scaled to allow judgments of weight, a kinetic quantity? The possibihity of a source of mfor-
mation for scahing 1n the kinematics 1s investigated Judgments based only on patch-hght displays
are accurate to a degree that 15 improved by an extrinsic scaling basis Finally, the sensitivity to
scaling of alternative metrics used 1n judging 1s explored Intrinsic metrics are discovered to be less
sensitive to the absence of an extnnsic basis for scahing

Observers are able to yjudge with good accuracy the amount
of weight being hfted by another person when only the motions
of reflective patches attached to the Lifter’s major mb joints
and head can be seen (Runeson & Frykholm, 1981). How 1s
this possible? Runeson and Frykholm (1981, 1983) suggest that
unique patterns of motion result from mechanical constraints
on the hfter’s activity They have formulated a principle called
KSD, or kinematic spectfication of dynamics, which states that
kinernatic patterns specify to observers variations in the values
of dynamic factors. Further, Runeson and Frykholm (1983)
propose that the informative value of kinematic properties of
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human motion 1s ensured by design properties of the action sys-
tem They review evidence for an emerging understanding of
action systems as taking advantage of physical circumstances in
the interests of efficiency of both contral and metabohic energy
consumption The evidence suggests that control 1s effected
through relatively discrete changes 1n dynamic properties of the
actuators such as stiffness or impedence (Bizzi, 1980; Bizzi,
Chapple, & Hogan, 1982, Cooke, 1980; Greene, 1982, Hogan,
1982; Kelso & Holt, 1980, Kelso, Holt, Kugler, & Turvey, 1980;
Stein, 1982) If control architecture 1s coordinated with and
parasitic upon the dynamucs of the motor and skeletal anatomy,
then factors that modulate the dynamacs generating a motion
may be specified 1n the motion that results. This, 1n brief, is the
KSD thesis regarding perception of human activity.

KSD 1s a principle that acknowledges the existence of a hith-
erto unrecognized class of perceptual properties, namely dy-
namuc factors. For research, the principle simultaneously delin-
eates a new class of perceptual capacity to be explored for par-
ticular instances and provides a strategy for finding theoretical
accounts in specific cases. The strategy 1s to investigate the rela-
tion between kinematic patterns and dynamical orgamization
an event, on the one hand, and to investigate the relation be-
tween kinematic pattern and perceptual ability on the other.
Given evidence that a particular dynamic property of some
event 15 apprehended by observers, a problem 1s to discover the
kinematic properties specifying its presence. Only if we know
these can we work backward to an understanding of the con-
straining dynamics and, thence, to the scaling relation between
kinematic properties and the dynamic factor. In Runeson and
Frykholm’s (198 1) experiment, hifters lifted a box from the floor
to waist level. Runeson and Frykholm (1983) describe three ki-
nematic properties that might enable observers to judge hfted
weight. The first two 1involve leans performed to preserve bal-
ance during the hft. A third kinematic property involves the
trajectory of the lifted object. Runeson and Frykholm (1983)
point out that the speed at which the box 15 hifted can be varied
and that a hifter may attempt to make the box look heavier by
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lifting 1t more slowly. Because this aspect of a lift seems to be
under volitional control, it fails to meet the criteria guarantee-
ing KSD for human action and thus, according to Runeson and
Frykholm, can not be counted among informative kinematic
properties Their study of deceptive intention showed that ob-
servers were able to see through the attempts at deception and
to detect with fair accuracy both the actual weight of the box
hifted and what the weight was supposed to be according to the
deception Runeson and Frykholm suggest that the kinematic
properties oniginating from the balance maintenance constraimt
allow the actual weight to be detected despite attempted decep-
tion However, they also note that slower hfts performed 1n an
attempt to imaitate hfis of heavy weight are effective 1n convey-
ing heaviness

Because the deceptive intention is conveyed successfully, de-
ceptive movements must, at least, approximate some kinematic
property of lifts that varies with the amount of weight lifted.
The question 15, what 15 that property? Runeson and Frykholm
refer, in this regard, to the speed of the lift suggesting that heav-
ier weights are lhifted more slowly. However, the “speed” of hift
1s ambiguous This could mean erther the average velocity of the
box over the lift or the peak velocity reached by the box during
the lift The two could vary independently in hifts.

An alternative to “speed” 15 a specific pattern of vanation
1 velocity over the course of a hfting motion, Runeson (1974)
discovered that cbservers are able to identify specific forms of
motion of an object along a path. For instance, an impact-like
event can be distinguished from constant force motion (Bing-
ham & Runeson, 1983). The kinematic property allowing iden-
tification 1s the form of the motion as expressed on the phase
plane,' that 1s, the specific pattern of variation in velocuty of a
moving object over displacement

The kinematic form of a hfting movement 18 different from
the speed of a lift because the speed can be scaled without
change of kinematic form. (See, e.g, Hollerbach & Flash,
1982.)* Varying the average velocity or the tota! duration of a
movement within scaling limits does not affect its observed
identty as long as the pattern of relative vanations 1n velocity
over posttion 1s preserved (Runeson, 1974), Human himb move-
ments exhibit characteristic patterns of variation 1n velocity
{Atkeson & Hollerbach, 1984; Greene, 1982). It may be that
hifters voluntarily performing slow lifts to convey heaviness of
weight are attempting to imitate some aspect of a change that
accurs in the kinematic form of a hift with heavier weights with-
out faithfully reproducing the entire change

Might the dynamacs of force generation 1n human movement
contribute directly to the informative value of kinematic pat-
tern 1n the visual perception of hfted weight? Another reason to
study the trajectory of the hifted object as a source of informa-
tion for hifted weight is that 1t focuses on the properties of mus-
cle and 1ts connections to hmb segments as a constraint on the
form of human movement. The actuators in human movement
exhibit a collection of distinctive properties relative to their ca-
pacities for force generation, for example, the force-length and
force-velocity relations for muscle fiber bundles, recruitment
patterns for muscles, elastic storage capacities of tendons, liga-
ments, and muscles, and frequencies and amplitudes of contrac-
tion that exhibit optimum power output or optimum energy
consumption (Alexander, 1984; Astrand & Rodahl, 1977; Ca-

vagna, Heglund, & Taylor, 1977, Fedak, Heglund, & Taylor,
1982; Giovanni, Cavagna, Citterio, & Jacim, 1980, Harrison,
1963; Heglund, Fedak, Taylor, & Cavagna, 1982, Hill, 1970;
Hof, Geelen, & Van Den Berg, 1983; McMahon, 1984, Taylor,
1978, 1980; Taylor, Heglund, McMahon, & Looney, 1980)
These properties constrain the commonly observed forms of
movement 1n mammals In particular, Harrison (1963) has
found that specific trajectones correspond to specific levels of
maximum power output 1n human limb motion. The complex,
nonhnear properties of the torque generators as mobihized by
the action system operating 1n a preferred mode may interact
with specific levels of requusite torque m a movement so as to
produce trajectories that are specific to the torque level.

To test the possibility that observers can distinguish among
lifted weights on the basis of patterns of variation m velocity
over the course of a lift, I studied one arm curls as a means of
1solating variations in velocity during a Lift. Balance-preserving
leans were ehiminated during curls by externally supporiing the
body and “freezing out” sway

A second 1ssue raised by Runeson and Frykholm's results 1s
that of scaling information. On what basis are observers able to
scale a kinematic property so as to be able to judge accurately
the underlying kinetic value, for example, metric amount of
weight? Without a basis for scaling, observers would be able to
judge only ordinal relations in relative variations of lifted
weight. They could say that one weight was heavier than an-
other, but they could not assign particular weight values, How-
ever, Runeson’s observers accurately judged the metric values
of weight. Runeson and Frykholm apparently provided the ba-
s1s for scaling by including a standard 1n their experimental de-
sign. Observers were shown a sample mudrange hift and told the
correct value of the weight prior te each block of five judgment
trials Traditionally, the value attached to a standard 1n magni-
tude esttmation 1s arbitrary (Gescheider, 1976, Stevens, 1975).
However, the standard in Runeson and Frykholm (1981) was
assigned a nonarbitrary value on the metric scale of weight that
apparently indexed the appropriate scale for subsequent yudg-
ments. On the assumption that the standard provides the entire

! The “phase plane” 15 a graph of velocity versus position See, for
example, MeGinms and Newell (1982) and Nelson {1983)

2 Hollerbach and Flash (1982) demonstrate velocity scaling without
change of form 1n a velocity—time plot, however, the present study -
volves the form of a velocity—position plot. What are the essential prop-
erties that maght disunguish among phase plane forms? Candidates -
clude symmetry properties, the number of critical points in the curve,
and the specific behavior of various dervatives along the curve provid-
1ng a local description of its shape (O’Neill, 1966) Phase plane curves
for human hmb movements typcally are unumodal with a single point
of inflection, bilateral symmetry, and restricted vaniations along the
curve in both curvature and rate of change of curvature Peak velocity
of movement 1s represented by the height of the velocity—-position curve
at the inflection point Thus height can be scaled to a degree determined
by the amphitude without appreciable change 1n the curvature or rate
of change of curvature along the curve By contrast, a change in kane-
matic form could mean allowing the rate of change 1n curvature to 1n-
crease sharply at points bounding a portion of the curve along which
curvature approaches zero The resulting curve would look more hike a
square than a secmicrrcle
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basis for scaling, the displays would specify only cordinal re-
lations among lifted weight values.

However, the assumption that a standard could provide the
entire basis for scaling cannot be correct. Weight 1s measured
on a ratio scale. In scaling ordinal relations among weights so
that rat1o scale values can be specified, both the size of intervals
between successive weights and the size of the distance between
any one particular weight 1n the range and zero must be deter-
mined A standard could provide a basis for the latter. However,
the standard could not provide a basis for scaling the size of
ntervening ntervals, Therefore, given Runeson and Fryk-
holm’s results, the displays must, at least, provide a basis for
scaling the successive mtervals between ordered weight levels.
Given this necessity, the following question arises: Do the dis-
plays contain a basis allowing the intervals between weights
hfted to be scaled without simultaneously scaling the weights
relative to zero?

In this mstance, four levels of scaling can be distinguished as
opposed to the traditional three levels, as follows: ordinal re-
lations, for example, A 15 heavier than B, which 1s heavier than
C; intervals scaled for relative size, for example, the difference
between B and C 1s twice the difference between A and B, inrer-
vals scaled for absolute size, for example, B 1s 5 1b heavier than
A, but C1s 10 Ib heavier than B; and ratio scale, for example, A
15 5 1b, B 1s 10 1b, and C 1s 20 Ib. Traditionally, the latter two
levels are collapsed. In the present study, they must be distin-
guished because the standard does not establish the size of inter-
vals between weight levels, It relates only a single weight level
to zero. Thus, the absolute size of intervals and the absolute
distance from zero of the overall relative range® of weights can
vary independently, although there 1s likely to be some 1nterac-
tion. The relative sizes of 1ntervals must be determined by the
kinematics of these displays. The displays must contribute as
well to the determination of the absolute size of intervals, al-
though the standard might act to constrain their size further.
What remains 1s for the relative range of weights to be scaled to
zero Overall, the standard may provide merely an improved
basis for scaling over that available in the displays

More generally, the second question addressed in this re-
search 15 as follows. To what extent 15 the basis for scaling that
must exist 1n the observed displays improved by the expen-
menter through provision of a standard? This question was in-
vestigated as follows: Observers were asked to judge lifted
weight 1n patch-light displays without the benefit of a standard
tnal. Subsequently, the judgment task was repeated with the in-
clusion of a standard 1n the design. The effect of scaling between
the display-only and display-with-standard conditions was
tested by examining variations 1n the accuracy of judgments.

Within the context of the question of accuracy and bases for
scaling, a third 1ssue was investigated, namely the sensitivity of
alternative metrics to changes in the bases of scaling that might
be used by observers in judging lifted weight.* The alternative
scaling bases include both those ntrinsic to the observed dis-
plays, and thus intrinsic to the lifting activity, and those pro-
wided extrinsically by the experimenter. Metrics intrinsic to the
hifting may be less sensitive to the presence or absence of extrin-
sic scaling bases than 1s an extrinsic metric like the pound or
kilogram Three metrics varying in the standard used to estab-
lish size of umits were used The first was the British scale of

weight 1n whuch the unit 1s the pound.® The standard for the
second was the maximum weight that an observed hfter was
able to lift 1n a one-arm curl. Observers judged the percentage
of effort for the hfter where 100% corresponded to the maxi-
mum lift. The standard for the third metric was the maximum
weight that an observer was able to hft 1n a one-arm curl. Ob-
servers judged percentage of effort for themselves 1f they were to
Iift in the same manner the observed weight (Before judgment
trials, observers were allowed to assess their own Lifting abihi-
ties.) Subsequently, judged weight values 1n pounds were di-
wvided by the actual maximum weight for the observed hfter
These derived percentage judgments could be compared then
with the two judgments of percentage of effort to reveal relative
variations as a result of changes 1n scaling bases.

Experiment 1

Experiment 1 imnvestigates three different factors. First, the
nformative value of the kinematic form of a hift was tested 1n a
single degree-of-freedom lift Lifters hifted varying amounts of
weight 1n one-arm curls performed by using only the glbow to
move the weight Second, the possibility that a basis for scaling
this kinematic form 1s available 1n the patch—lhight displays was
tested by requiring observers to judge hifted weight without and
with the benefit of a standard In addition, observers judged
Iifted weight with the benefit of the lifter’s maximum hift value
as well as a standard Finally, the sensitivity of different metrics
to aliernate scaling bases was explored by asking observers to
judge hfted weight along three different measures, weight 1n
pounds, percentage of effort for the hfter, and percentage of
effort for the observer.

Method

Observers judged hfts performed by 3 different hfters Each hfter
hfted five levels of weight Each lifter performed twe lifts with each
weight for a total of 10 hfis Each hft consisted of three one-arm curls
executed consecutively Observers made three different judgments for
each lift each ime 1t was seen in three different scaling conditions Repe-
ttions of weight levels were blocked wathin hifter In turn, hfter was
blocked inside scahing condition The three types of judgment crossed
all blocked factors

Apparatus A one-handed barbell set was used that allowed the
amount of weight 1o be varied 1n 5-Ib increments from 5 Ib (2.27 kg) to
45 1b (20 41 kg). For recording, a Sony 2-in AV-tape system was used

® The relative range of weight values 15 equal to the sum of the inter-
vals between successive weights scaled for absolute magnitude

* Scale, meaming size or magmitude, is a property that 15 associated
with other properties of an event Scafing basus refers to sources of infor-
mation about scale 1n an event Metrics involve the act of measurement
where scale 1s to be represented and communicated A metric estab-
hishes units for measurement as well as procedural critena for applying
units The results of measurement are subject to variation, depending
on the relation between a metric and sources of information about scale
Consider the hight year versus the meter versus stnide length versus high-
way driving time as metrics for the measure of distance Appropriate
domains of apphcation for each of these metrics are determined by their
relation to scaling bases

3 British system units are used 1n the judgment study because partici-
pants were most familiar with these units
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with a Sony camera and a 19-in black-and-white screen momtor The
hifters were dressed m dark pants and a dark navy blue hooded puliover
shut Strips of hght tan masking tape were attached to this shart at the
head, the hip, the shoulder, just above and below the elbow, and just
above the wrist Masking tape also was attached n a cross to a round,
black, felt-covered disk, which was attached to the end of the barbelf
hited Styrofoam was used to fashion 2 head rest and an elbow rest for
the hiters

Lifiers Three hifters were employed—one female, 163 cm tall and
56 7 kg 1n weight, and two males, one 170 cm tall and 72 6 kg 1n weight
and the other 175 cm tall and 77 kg in weight All were at least moder-
ately experienced in fitness actvities The second male hifter hfted
weights regularly and had somewhat greater than normal muscle mass
m his arms

Recording procedure  Duning the hfts, fiers were required to lean
thewr backs flat against a wall with their feet placed so that the heels were
approxumately 101n from the wall With the hifier’s body weight leaned
firmly against the wall, the occurrence of any posture preserving sway
or leaning during the hits was prevented Lifters wore the tape-bearing
shirt with the hood pulied up to completely cover the head as seen from
the side Lifters positioned their head on a fitted styrofoam head rest
that held their head in an upright position. They were instructed not to
move their heads during the lifts, Lifters rested their nght elbows ona
styrofoam biock, which was adjusted to posttion the upper arm parallel
to gravity Lifters did not remove thexr elbow from this support during
the hfts

The type of hift performed 1s commonly referred to as a one-arm curl
Each Iift consisted of three flexion extensions of the right arm 1n se-
quence without pause so that the forearm traveled 35"-45° to esther side
of 2 90° angle wath the upper arm The barbel! was gripped firmly 1n the
hand Each recorded hift began with the lifter’s holding the barbell with
the elbow extended to about 135° Just before each hit, the experimenter
placed the barbell 1 the hifter’s hand Recording then began within 55
The Iifter performed the three curls, fimshing in the same position as at
the beginning After the hft, recording was stopped, and the expeni-
menter immediately relieved the hfter of the weight Lifts were timed at
least 2 min apart 1n recording sessions 10 avoid any pronounced fatigue
effects (Astrand & Rodahl, 1977) Lifters were instructed to perform
Iifts at thess preferred rate They were asked to perform the hifts o the
most comfortable way, given the constramnts of the task, as if they were
to bift all day long

Each Lifter lifted five different levels of weight For each hfter, the max-
imum amount of weight that she or he could hft, accurate to the nearest
5-1b :mcrement, was established on a day preceding the recording ses-
sion It was not reguired that the hifter always be able to lift the maxi-
mum weight successfully three tmes During one or two of the recorded
hifts with maximum weights, only one or two full amplitude curls were
performed successfully, followed by an attempt 1n which the forearm
approached the right-angled position between forearm and upper arm
during flexion, and then the forearm extended

‘The female hfter hifted 20 1h {9 07 kg) as her maximum The remain-
ing weight levels were 151b (6 80 kg), 10Tb (4 53 kg), 51b(2 27 kg), and
01b The O-Ib hfts were performed with the felt-covered cardboard disk
attached to a cardboard tube. The first male hifted 35 Ib (15 87 kg) as
s maximum The remaming weight fevels were 301b{13 60 kg), 25 1b
(11 34 kg), 20 1b (9 07 kg), and 15 It (6 80 kg) The second male hifter
hfted 45 1b {20 41 kg) as his maximum The remainng weight levels
were 35 1b (15 87 kg, 25 Ib (11 34 kg), 15 1b (6 80 kg), and 5 1b (2 27
kg) Henceforth, these lifters will be referred to as the Max20, Max33,
and Maxd45 hfiers, respectively

The hfts were recorded from the right side of the hfier, with the cam-
era posthoned approximately 4 m from the hifter and at shoulder height
The zoom was adjusted so that each lifter just filled the vertical extent
of the screen from the top of hus or her head to mid-thigh For each hfter,

hifts with each of the Bve levels of weight were recorded two fimes 1n two
random order blocks Thus, each hfier was recorded performing 10 hfts,
each hft consisting of three curls In addihion, a 15-1b (6 80-kg) hit was
recorded preceding each block of five lifts to serve as a standard

After the data had been collected, an error was discovered 1 the re-
cording of displays of Max45 hfter A 35-Ib (15 87-kg) weight (fourth
weight level) had been substituted for the 25-1b {1 | 34-kg) weight {thard
weight level) in the second block of ifts Thus, observers saw only one
25-1b (11 34-kg) ift and three 35-1b (15 87-kg) hfts For subsequent
analysis of the data for this hifter, judgments at each weight level were
averaged for each observer, resulting 1n a single judgment score for each
weight level per scaling condrtion and per judgment type

Observers Nine male University of Connecticut undergraduates par-
ticipated as observers All were paid $3 50 for their tme  All had been
famihar with the Briish system of measure since chilldhood Only males
were allowed to participate because pilot studies mdicated that males
and females maght deffer 1n performance

Experimental procedure  The maximum weight that each observer
could hft m a one-arm curl was determmed These hfts were ssmilar to
those recorded except participants rested their elbow on their hip and
Ifted a box by an attached handle The box was used so that weight
level could be mampulated easily and quickly by adding or removing
measured bags of sand. The resulting weight value was accurate to the
nearest 5-lb increment Observers were instructed to write this value at
the top of each subsequent protocol sheet

The observers were seated four or five at a time, 2-3 m from the view-
mg screen in a normally it room A 19-in black-and-white screen mon-
1tor was used with contrast and brightness turned down so that events
were shown as bright paiches on a dark background For each lift, ob-
servers were required to make three judgments First, they judged the
percentage of effort expended by the hifter (PEL) 1n hifting each weight
One hundred percent effort was defined as occurring when the hfter was
hfting the most she or he could possibly iift in a one-arm curl. Second,
observers judged the percent of effort they themselves, the observers,
(PEQ) would have to expend to lift 1n the same manner the same
amount of weight seen hifted Third, they judged the amount of weight
hfted 1 pounds (WT) Observers had a very brief peniod between re-
corded Lfts (approximately 4 s} in which to make and write all three
yudgments Thus, firstampression, mtntive, off-the-cuff judgments
were encouraged The experimenter announced the begunmng of each
Iift by calling out the number of the trial for that hfter and condition
In this way, observers knew when to look up for the next trial

Trals were blocked by Ufter withwn scaling condition. The order of
scahing condifions was always the same First, in the display-only conds-
ticn, no standard was provided. No mention was made of scaling i this
condition, and observers judged the standard Lifts along with all others
All 10 Iifts plus 2 standard lifts for all 3 Lifters were observed and judged
n the order Max20, Max35, and Max45 Second, 1n the display-with-
standard condition, the 15-1b {6 B0-kg)} standards precedmg each block
of five kfis were labeled as such on the protocol sheets and verbally by
the experimenter 1o be sure that cbservers noticed them each ume Fi.
nally, in the display-with-standard-and-maxhft condition, the 15-1b
(6 80-kg) standards were provided again plus the maximum amount of
weight that could be lified by each hfter These latter values were written
on the protocol sheets below the column where judgments for the Liter
were to be written In addition, the exper:menter verbally reminded
observers of the corresponding “maxuft” value preceding the set of hfts
by each lfter Protocol sheets were collected from observers after each
scaling condstion, and new sheets were distributed

Duning the mtial mstrucuons a few randomly selected lifts were
shown as examples Participants were toid not to communicate with
each other duning the session nor to disclose any other reactions duning
the task Observers were given no other information about the Lifters
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In particular, no information was provided concerning the sex, size, or
physical condition of the hifters

Design The main factors were weight level (1-5), scaling (display
only, display with standard, display with standard and maxlift), and
judgments (weight [WT), percentage of effort for the hfter [PEL], per-
centage of effort for the observer [PEO]) Lifters (Max20, Max35) and
repetition of weight levels (two blocks of five levels) were included also
as factors forming a five-way 5 X 3 X 3 X 2 X 2 factonal design with
nine cbservations 1n each cell The design for the Max435 lifter excluded
repetition of weight levels resulting in a four-way 5 X 3 X 3 X 3 factonal
desigh with nine observations in each cell All factors were within
subjects

Results and Discussion

For graphing and comparison, PEQ and WT judgments were
scaled to the observed hifter’s capabilities. WT judgments were
expressed as a percentage of the maximum amount of weight
that could be hfted by a hifter Judged weight values for each
hfter were divided by the maximum weight actually hifted by
that hfter and multiphed by 100, thatis, WT% = WT% — max-
hift X 100 These transformed weight judgments (WT) are re-
ferred to as WT% (weight percent). PEQ judgments were scaled
as follows' The ratio of the maximum weight that could be hfted
by each observer and by each hfter observed was used as a mul-
tiplying factor adjusting PEQ values, that 1s, adjusted PEO =
PEO X (maxhft for observer — maxhft for hfter) If PEO 1s ap-
proximated by (hifted weight — maxhft for observer), then this
adjustment 1s (hfted weight — maxhft for observer) X (maxhft
for observer — maxhft for lifter) = (ifted weight — maxhift for
lifter), which 1s comparable to PEL. Adjusted PEO values are
referred to simply as PEO. All three judgments (WT, PEL,
PEQ) thus are expressed as percentages (WT%, PEL, PEQ)
scaled to the observed lifter’s capabilities

The results are summarized 1n Figures 1 and 2. Results show
an overall increasing trend in judgments over increasing weight
levels. In addition, PEL judgments remained invanant across
the three scaling conditions, whereas PEO and WT judgments
changed PEO judgments changed less than WT judgments be-
cause PEO judgments were more accurately scaled in the first
scaling condition. Accuracy improved over scaling conditions

The first question investigated 1in this experiment was
whether the kinematic form of a lift enables observers to distin-
guish relative amounts of hifted weight. The results indicate that
they can In Figure 1, all judgment curves for all 3 hifters exhibit
an increasing trend with increasing weight levels A repeated
measures analysis of variance {ANOVA) was performed on the
data for the Max20 and Max 33 lifters, with weight level, repeti-
tion of weight levels, hifter, scaling, and judgment as factors ®
Weight level was significant, F(4, 32) = 136 55, MS, = 1467,
p < .001, and accounted for the hon’s share of the vanance,
31% of the total sums of squares

Lafter was significant, F(1, 8) = 20 28, MS, = 4060, p < .002.
Lifter was sigmificant also in all its interactions with weight level,
scaling, and judgment. Because results for Lfters are dufferent
and because the data for the Max45 hifter could not be included
in an overall analysis, a separate repeated measures analysis of
variance was performed on the data for each hifter with weight
level, repetition of weight levels (except for Max45 data), scal-
ing, and judgment as factors. Weight level was significant (p <

001) and accounted for the majonty of the varance n all cases
For the Max20, Max35, and Max45 lifters, weight level ac-
counted for 32%, 40%., and 60% of the total sums of squares,
respectively. Thus, the weight level factor 1s significant and con-
sistently accounts for large proportions of the variance both
overall and for each hifter

The second 1ssue investigated in this experiment was scaling.
In this regard, emphasis must be placed on the fact that the
displays contribute more to the observers’ judgments than the
mere ablity to distinguish among increasing levels of lifted
weight. The relative size of the intervals between weight levels
was determined by scaling bases intrinsic to the displays In Fig-
ure 1, the form of all three yudgment curves for each lifter in the
display-only condition 1s comparable, as 18 the form for curves
across all three scaling conditions There 1s some change n the
slope of curves corresponding to changes 1n judged amounts of
weight over scaling conditions-—both decrease. However, be-
cause adjustments 1n curve positions and slopes are hmited, the
displays must provide the basis for scaling the absolute size of
intervals between weights and the distances of the range from
zero within a restricted degree of accuracy

There 15 a slope change over scaling conditions iIn WT and
PEO judgments for the Max20 hifter The slopes for weight judg-
ments, plotted versus physical weight 1n Figure 2, were com-
puted 1n hnear regressions (see Table 1) The slope n the thard
scaling condition dropped to 0 53 from 1 05 1n the first scaling
condition. This change in slope accompanies a drop 1n vertical
posiion of the judgment curve Slopes also decrease for the
Max35 and Max45 Lifters, but to a much smaller degree corre-
sponding to a smaller change 1n the vertical position of the en-
tire curve In the separate ANOVASs for the data of each lifter, the
Weight Level X Scaling interaction was significant only for the
Max20 hifter, F(8, 56) = 3 74, M'S, = 14635, p < .002. Thus result
indicates that there is some interaction between scaling the size
of the range of weights hfted (1.¢ , the slope) and scaling the dis-
tance of the entire range from zero (e.g., the distance of the mid-
range from zero) The interactton was not significant for the

Max35 and Max45 hifters; however, their curves did not vary
greatly in distance from zero

Changes in the size of the range with changes 1n distance from
zero essennally stretch and compress judgment curves of other-
wise relatively invanant form established 1n the display-only
scaling condition. The vanation 1n the distance of the range of
judged weights from zero 1s restricted Heaviest mean judped
weights do not exceed a value of about 50 1b (22 68 kg). This
indicates that the displays alone allow scaling of both the range
of weights lifted and the distance of that range from zero within
arestricted degree of accuracy Additional bases for scaling may
then enhance the accuracy

In summary, the essential shape and approximate location
and slope of the judgment curves are determined by observation
of the patch-light displays alone For each lifter, changes 1n
curves for the different judgments across scaling cond:tions are
primarily adjustments of relative position among curves, with
some corresponding change in slope These changes reflect fine

$The data for the Max45 lifter did not include the repetition-of-
weight-levels factor for purposes of analysis and so could not be m-
cluded 1n this ANOVA
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Figure 2 Mean weight judgments versus actual weight over three scaling conditions for the Max20, Max33,
and Max45 hfters (Display only = +, display with standard = =, display with standard and maxhft = x )

tuning of judgments allowed by bases for scaling 1n addition to
the bases 1n the displays.

1n the separate ANOVAs for the data of each lifter, the scaling
factor was significant only for the Max2{ hfter, F(2, 14) = 11.34,
MS. = 7368, p < .002. Scahng was marginal for the Max45
lifter, F(2, 14) = 3.65, MS, = 778, p < .054. Judgment was sig-
nificant for all 3 lifters, accounting for the largest percentage of
the total sums of squares for the Max20 hifter (13.05%, p < .001)
and for the smallest portion for the Max45 lifter (1 81%, p <
02) However, the Scaling X Judgment interaction was signifi-
cant for all 3 Lifters. The effect was strongest for the Max20 lifter
{p < .001) and weakest for the Max45 lifter (p < .05).

Curves for the three judgments squeeze together over the
three scaling conditions To ascertain whether each type of judg-
ment was affected by scaling condition, a repeated measures
analysis of vanance was performed on the data for each lifter
and each judgment type with weight level, repetition of weight
levels (except for Max45 data), and scaling as factors. The re-
sults for scaling show that WT and PEO judgments change over
scaling conditions, whereas PEL judgments remain 1nvanant,
Scaling was significant for WT% for the Max20 and Max45 hifi-
ers—more so for Max20 (p < 001), accounting for 22% of the
total sums of squares, less so for Max45 (p < .01), accounting
for 7 6% of the total sums of squares Scaling was marginal for
WT% for the Max35 lfter (p < .072). Scaling was significant

for PEO only for the max20 hfter (p < 001), accounting for
14% of the total sums of squares Scaling was not significant for
PEL judgments for any lifter

These results indicate that the bases for scaling provided by
the experimenter 1n the second (display with standard) and
third (display with standard and maxhft) scaling condrtions
affected the relative positions of curves representing judgments
of weight and of percentage of effort for the observer. The effect
was much weaker for judgments of percentage of effort for the
observer than for judgments of weight Judgments of percentage
of effort for the hifter remained unaffected

That the same trends were obtained for all 3 lifters observed
can be seen 1n Figure 1, where the results are graphed by judg-
ment type. The PEL curves remain invariant over scaling con-
ditions. WT% and PEQ curves both change, generally moving
down over scaling conditions. WT% and PEO curves change to
a much smaller degree for the 2 male hfters, Max35 and Max45,
than for the female hifter, Max20 PEQO curves are much closer
to PEL curves than are WT% curves 1n the display-only scaling
condiion. The effect of scaling conditions on PEO judgments
was weaker because those judgments were scaled more accu-
rately in the first scaling condition

The accuracy of weight judgments 1s shown 1n Figure 2,
where mean judged weight values for the three scaling condi-
tions are plotted against actual weight levels. Imitially, judged

Figure ] Mean WT% (percentage of weight lified in pounds), PEL {percentage of effort for hfter), and PEO
(percentage of effort for observer) judgments over three scaling conditions plotted by judgment type for the
Max20, Max35, and Max45 hfters (The orcinate 1s percent and represents the range from 0 to 225 by
mcrements of 25, the abscissa 1s weight levels and represents the range from | to 5 A line for 100% 1s
marked across weight levels for reference Dhsplay only = +, display with standard = =, display with standard

and maxhft = x)
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Table 1
Linear Regressions on Weight Judgments Versus Actual Weight
Lifter
Scaling condition Max20 Max35 Max45
Dnsplay only Y=105X+1508 Y=073X+875 Y=074X+ 16 57
r= 39 r= 58 r=177
ri= 33 2= 34 rt= 59
p< 0t p< 01 p< 0l
[Dnsplay with standard Y=100X+106 Y=089X+39% Y=053X+ 1405
r= 66 r= 59 r= 18
ri= 44 =135 rt= 6l
p< 01 p< 01 p< 01
Display with standard and maxhft Y=053X+753 Y=066X+616 Y=054X+1520
r=172 r= 65 r=19
r’= 32 rt= 43 =62
p< 01 p< 01 p< 01
weight tends to be overestimated, but judgments improve 1n ac- Experiment 2

curacy over scaling conditions, as shown by increasing values of
r’ in Table | Weight judgments n the third scaling condition
are reasonably accurate, with a marked tendency to overesti-
mate hghter weights Computed regression lines had slopes of
.53, .66, and .54 for Max20, Max35, and Max45, respectively
Intercepts were 7.53, 6.16, and 15.20, respectively The some-
what shallow slopes and high intercepts reflect the tendency to
judge hight weights as heavier than they are, that 1s, light and
medium weights are more dufficult to discnminate, Vanations
11 actual weight level accounted for 52%, 43%, and 62% of the
variance in judged weight for the Max20, Max35, and Max45
hfters, respectively. This reflects a reasonable degree of accu-
racy, considering the apparent poorness of the viewing condi-
tions 1n this experiment (1 e., the strongly restricted motions of
a few patches). These conditions apparently did not reflect a
strict paucity of information.

Judgment curves are not linear with weight. The curves are
flatter at lower and middle weight values, growing steeper only
for larger relative amounts of weight. Runeson and Frykholm’s
(1981) judgment curves also exhibited a tendency towards a
shallower slope at lower weight levels. This trend i1s much more
pronounced 1n the present data.

Close examination of the displays and of the recording proce-
dure reveals three factors that should be controlled to ensure
that only the kinematic form resulting from movement at a sin-
gle joint—that 1s, only patterns of vanation 1n velocity over po-
sition—is being tested as a kinematic property indicative of
Lifted weight. First, a reflective patch was attached to the shoul-
der of hifters 1n the present study. Some shoulder movement can
be detected dunng lifts, particularly during hfts of heavier
weights, Second, lifters lifted weights very close to their absolute
maximum. The result was that not all hfts included three full
amphitude curls To eliminate large variations in amphitude, lifts
should be recorded only with weight that hifters can consistently
Iift in three full amplitude curls. Finally, the wrist joint of the
arm used to perform lifts was not constrained A brace of the
sort used to immobilize wrist fractures could be employed to
ensure that movement occurs only at the elbow of the lifter.

Experiment 2 was performed as a replication of Experiment
1, with medifications 1n the patch-light recording procedure
ensuring 1solation of variation 1n velocity of movement at the
elbow as the only kinematic property in the display that might
vary with lifted weight The resulting judgment curves were €x-
amned for replication of the trend away from linearity exhib-
ited 1n Experiment 1. In addition, only two scaling conditions
were used, namely the display-only and the display-with-stan-
dard conditions. Finally, the design of both Experiments 1 and
2 included repeated observation and judgment of patch-light
displays over the addition of bases for scaling. A control on this
repetition design tests whether results attributed to the addition
of scaling bases might be attributed to repeated observation of
displays with perhaps improved detection of an inherent basis
for scaling. In a control task, observers performed the judgment
task twice with the same displays but without the addition of a
standard 1n the second repetition.

Method

Apparatus The recording and weight lifing equipment used were
the same as in Experiment | except that a Panasonic camera was used
The different response characteristics of this camera required changes
in the hghting and reflective patches The hfters were dressed in dark
pants and a dark black turtleneck shirt Strips of retroreflective tape
attached to strips of white linen were pinned around the hifter’s head
and elbow A cardboard disk attached to the end of the barbell was cov-
ered with white reflective paper. Styrofoam was used to fashion a head
rest and elbow rest as 1n Experiment 1 Unlike 1n Experiment !, these
rests were visible as bright patches 1n the display of Experiment 2 A
115-V movie hght with parabolic reflector was placed adjacent to the
camera directed at the lifier Lifters each were fitted by a pharmacist
with a wrist brace of the type used to immobilize wrist fractures The
brace prevents rotation at the wnst joint The brace did not interfere
with the hfter’s abihity to grasp the barbell

Lifters Three lifters were employed. All were male The 3 weighed
86 kg, 80 kg, and 77 kg and were 188 cm, 180 cm, and 175 cm tall,
respectively All were at least moderately experienced in fitness activities
mcluding weight hifting The first and thurd Lfters hifted regularly, and
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the third hfter had somewhat greater than normal muscle mass in
his arms

Recording procedure The procedure was the same as 1n Experiment
| except for the following aspects Immediately preceding the recording
session, the maximum amount of weight that could be hfted consis-
tently 1n a one-arm curl was determined for the lifter It was required
that the hfter consistently be able to hit the weight 1n three consecutive
full amplitude curls Maximum consistent Lift was determined within 5
b If required to hift the weight successfully only once or twice, lifters
might have handled the next 5-1b mcrement The first hfter hfted 35 1b
(15 87 kg) as his maximum; the second hifter Iifted 30 1b (13 60 kg) as
his maximum, the third Lifter hifted 35 1b (15 87 kg) as his maximum
Weight levels increased by 5-1b equal increments for all hfters Hence-
forth, these hifters will be referred to as practice, Max30, and Max35,
respectively, because recordings from the first hifter were used as practice
trials

For each hifter, lifts with each of the five levels of weight were recorded
three times 1n random order blocks Each lifter was recorded perform-
g |5 hfts, each hft consisting of three curls In addition, a midrange
weight hift was recorded for each lifter preceding each block of five lifts
to serve as a standard The standard for the practice hfter was 25 1b
(11 34 kg), for the Max30 hfter, 20 1b (9 07 kg), and for the Max35 hfter,
25 1b (11 34 kg) The first block of hfts for each lifter was treated as
practice tnals 1n both scaling conditions When these recordings were
displayed 1n subsequent experimental sessions, the video monitor was
adyusted so that the head patch for the Max35 lifter could not be seen
This was possible because this patch was somewhat dimmer than other
patches in recordings and thus could be ehminated

Qbservers Fifteen male Umiversity of Connecticut undergraduates
from an mtroductory course in psychology participated in the experi-
ment for course credit For the control task, an additional 10 male un-
dergraduates participated for course credit All had been famihar with
the British system of measure sice childhood.

Experimental procedure These procedures were the same as in Ex-
periment 1 except that only two scahmg conditions were included, dis-
play only and display with standard Observers were required to make
the same three judgments as in Experiment 1, namely, weight (WT),
percentage of effort for the lifter (PEL), and percentage of effort for the
observer (PEQ) However, 100% effort was defined as occurring when
the hifter was hifting the most he could Lft consistently in three consecu-
tive full amplitude one-arm curls The displays were always shown 1n
the order of practice hifter, Max30 hfier, and Max35 hifter mn the two
scaling conditions, display only and display with standard

For the control task, the procedure was the same as above with two
exceptions The first 15 that no standard was provided 1n erther scaling
condition Thus, scaling conditions become simply repetitions The sec-
ond difference 1s that observers were required to make only two judg-
ments for each hft percentage of effort for the hfter (PEL) and percent-
age of effort for the observer (PEQ) Observers were not instructed to
Judge the amount of weight lifted With no scaling standard provided,
this task could have become very frustrating. Thus is particularly true if
one were attempting to judge weight values Because the questions
posed 1n this experiment could be assessed by way of the PEL and PEO
Judgments alone, the weight judgments were excluded so as 1o avold
frustrating participants so much as to affect their dihgence 1n perform-
1ng the task

Design The main factors were weight level (1-5), scaling (display
only, display with standard), and judgment (WT, PEL, PEO) Lifters
{Max30 and Max35) and repetition of weight levels (two blocks of the
five weight levels) were included also as factors forming a five-way 5 X
2% 3 % 2 X 2 factorial design with 12 observations in each cell All
factors were within-subjects

For the control task, the design was the same except that the second
scaling factor was also display only, and judgments were PEL and PEO

for a fiveway 5 X 2 X 2 X 2 X 2 design with 10 observations in
each cell

Results and Discussion

The results are summarized 1n Figures 3 and 4. Results show
fairly flat or descending or gently increasing curves for hght-
to-medium weight levels and increasing curves for medium-to-
heavy weight levels Results show also that PEL judgmenits re-
main invanant over scaling conditions, whereas PEO and WT
judgments change over scaling conditions. PEQ judgments
change less than WT judgments because PEO judgments were
scaled more accurately in the imtial scaling condition. Accu-
racy improved over scaling conditions. However, accuracy was
not as good as in Experiment |

For graphing and comparison, PEQ and WT judgments were
transformed as described in Experiment 1. The result 1s that all
three judgments are expressed as percentages (WT%, PEL, and
PEQ), scaled to the observed lifter's capabilities. In Figure 3,
the three judgments were plotted as in Figure 1 of Expern-
ment |

The first question addressed 1n Experiment 2 was whether the
kinematic form of a one-arm, one-joint curl enables observers
to distinguish relative amounts of hfted weight Experiment 2
was performed as a replication of Experiment 1, with the pat-
iern of variation of velocity at the elbow 1solated as the only
kinematic property available to observers of these point-hght
displays. The results indicate that cbservers are able to discrim-
inate hfted weight to a very hmited degree.

A repeated measures analysis of variance was performed on
the data with weight level, repetiion of weight levels, lifter, scal-
ing, and judgment as factors Weight level was significant, F(4,
44) = 40.45, MS, = 526, p < 001, and accounted for the largest
portion of the variance after umits, 9 41% of the total sums of
squares. Lifter as a factor was not significant and accounted for
almost none (0.08%) of the varance, however, there was a sig-
nificant Lifter X Weight Level interaction (p < .001), account-
ing for 1 22% of the total sums of squares.

In Figure 3, judgment curves are flat or actually exhibit a
decreasing trend over increasing amounts of weight at low-to-
medium weight levels while increasing or steeply increasing
trends are exhibited at medium-to-high levels of weight Ob-
servers had difficulty in distingumshing weights that were of hight
or medium weight relative to the lifter’s ability. However, as
weight became heavy for a particular lifter, observers were able
to percerve the increasing difficulty experienced by the hifter in
performing the hft The judgments reflect a nonhinear relation
between increases in weight and the hfting capabilities of the
hifter. An anomalous increase 1n judgments with lighter weights
occurs for the Max30 hifter, whose head patch was visible 1n the
displays. For some reason, the hfter made very shght nodding
movements once when lifting the lightest weight level, and this
apparently affected judgments. In debriefing, observers re-
ported difficulty 1n discriminating hght from medium weight
levels Thus difficulty very likely made observers sensitive to sub-
tle changes A nodding of the head 1n tonic neck response might
be expected to accompany the hifiing of a heavy weight. Trend
analyses were performed to test whether a nonmonotonic or a
flat-then-nising trend accounts for a greater portion of the vari-
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Max30 and Max35 hifters (The ordinate 15 percent and represents the range from 0 to 225 by increments
of 25, the abscissa 15 weight levels and represents the range from 1 to 5 A line for 100% 1s marked across
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ance., A quadratic trend was tested using trend weights of +2,
-1, =2, =1, 4+2. Sums of squares were for Max30 = 9,290 and
for Max35 = 736. A flat-then-rising trend was tested using trend
weghts of —1, —1, —1, 0, and +3. Sums of squares were for
Max30 = 12,214 and for Max35 = 2,716. In both cases, the flat-
then-rising trend accounts for a larger portion of the variance.
The second 1ssue addressed 1n this experiment was scaling.
As 1n Experiment 1, the essent:al form of all judgment curves
1s 1nvariant across both scaling conditions and judgment types,
indicating that whatever basis there is for scaling, the relative
range of the kinetic values 1s available 1n the kinematic form
itself. Adjustments in the position of judgment curves relative
to one another occurred over the addition of a standard as a

basis for scaling. In ANOVA, the scaling factor was significant,
F(1, 11) = 11.91, M5, = 3568, p < .006. Judgment was signifi-
cant, F(2, 22) = 11.29, MS. = 3703, p < .001; however, the
scaling by judgment interaction was alse sigmficant, (2, 22) =
14 52, MS, = 880, p < 001. In Figure 3, curves for the three
Judgments squeeze together over scaling conditions,

To reveal whether each judgment type was affected by scaling
condition, a repeated measures analysis of vanance was per-
formed for each judgment (WT%, PEL, PEQ) with weight level,
repetition of weight levels, hifter, and scaling as factors, Once
agan, lhifter was not significant and accounted for none or al-
most none of the variance 1n all judgments. Scaling was signifi-
cant for weight judgments, F(1, 11) = 16 30, MS, = 2932, p <
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002, accounting for 14 96% of the total sums of squares. Scal-
ing was significant also for PEO judgments, F(1, [1) = 10.23,
MS, = 1981, p < .009, accounting for 6.19% for the total sums
of squares However, scaling was not significant for PEL judg-
ments, accounting for almost none (0.01%) of the total sums of
squares

The trend over scaling conditions for each judgment type 1s
apparent 1n Figure 3, where judgments are graphed by judg-
ment type over scaling conditions Both WT% and PEQ judg-
ment curves move downward over scaling conditions, whereas
PEL judgment curves remain invanant PEQO curves are scaled
more accurately in the imitial scaling condition and thus are
affected more weakly by the addition of an extrinsic scahing ba-
s1s as reflected in the smaller proportion of the total sums of
squares for scaling accounted for by PEQ judgments. These
scaling results replicate those of Experiment 1 and thus hikewise
indicate that additional bases for scaling provided by the experi-
menter merely allow judgments based on the displays to be fine-
tuned. Judgments using 1ntrinsic metrics are affected less by the
addition of an extrinsic scaling basis than are judgments using
an extrinsic metric.

The control task was performed to investigate the possibility
that scaling effects might be a result of repeated viewings of the
same displays, allowing observers, by virtue of practice, to de-
tect better bases for scaling contained m the displays. The re-
sults indicate that this 1s not the case. PEO judgment curves

were separated from and did not move toward PEL judgment
curves over repeated viewing conditions

A repeated measures analysis of variance was performed on
the data with weight level, lifter, repetition, Judgment, and repe-
tition of weight levels as factors As before, weight level was sig-
nificant, F{4, 36) = 27 39, MS. = 333, p < 001, accounting for
11 75% of the total sums of squares. Lifter was significant, F(1,
9 =139.33, MS, =178, p <.001 Judgment was significant, F(1,
9} = 29.48, MS. = 929, p < .001. PEL and PEO curves are
separated 1n both repetitions. Repetition was significant, F(1,
9) = 8.23, MS, = 692, p < 05 The Repeuinon X Judgment
teraction was not significant

Because the repetition factor was sigmficant, separate analy-
ses were done for each judgment type 1o determine whether
each was affected over repetitions. Weight levels, Lifter, repeti-
tion, and repetition of weight levels were entered as factors
Repetition was significant for both PEQ and PEL. For PEO,
H1,9) =702, MS, = 309, p < .05 For PEL, F(1, 9) = 7.75,
MS, = 467, p < .05 Examination of mean judgments for PEL
and PEO 1n each repetition revealed that curves for both judg-
ment types move upward shghtly in parallel over repetitions [
can give no account for this effect PEL did not exhibat this
trend between scaling conditions 1in Experiments 1 and 2. Oth-
erwise, the curves 1n the control task are similar to those in
Figure 3.

In any case, the judgment curves do not move towards one
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Table 2
Linear Regressions on Weight Judgments
Versus Actual Weight
Lifter
Scaling
condition Max30 Max35
Dasplay only Y=030X+2253 Y=017X+2478
r= 23 r= 14
ri= 05 ri= 02
p< 05 ns
Drsplay with Y=025X+1433 Y=038X+1612
standard r= 32 r= 46
ri=10 ri= 21
p< 0l p< 01

another as reflected 1n the nonsigraficance of the Repetition X
Judgment interaction in ANOVA, Thus, 1t can be concluded that
scaling effects produced 1n Experiments 1 and 2 can be attrib-
uted to the addition of bases for scaling as previously described.

The control task aside, the accuracy of the weight judgments
in Experiment 2 1s shown in Figure 4, where mean judged
weight values for the two scaling conditions are plotted against
actual weight levels. As indicated by increasing r? values shown
in Table 2, accuracy does improve somewhat over scaling condi-
tions Overall, however, accuracy 1n judging amounts of lifted
weight 1s not very good This 1s #ot to say that yjudgments are
entirely lacking accuracy. To the contrary, there 1s some degree
of accuracy in the judgments as shown by results of Iinear re-
gressions, and thus there must be some informative value in this
kinematic property for the judgment of hfted weight However,
accuracy in Experiment 2 1s not as good as mn Experiment |
The r* values are lower 1n Experiment 2, and judgment curves
are shallower. The difference 15 obvious especially for hght-to-
medium levels of weight where 1naccuracy increases considera-
bly in Experiment 2. Movements at the shoulder and wrist visi-
ble 1n the displays of Experiment 1 were eliminated from the
displays of Experiment 2 The difference 1n results inchcates
that movements at these joints constitute useful information for
the amount of weight hfted 1n a one-arm curl.

An mteresting difference between the curves in Experiment
I and those 1n Experiment 2 in the final scaling condition 1s that
the judgments 1n Experiment 1 approach 100% effort for the
heaviest weight lifted, whereas those in Expertment 2 approach
only 70% or 80% effort for the heaviest weight In Experiment
2 as opposed to Experiment 1, lifters were not allowed to hft
weights close to the heaviest weight that they could hift. Rather,
the heaviest weights hited were those that hifters could hft con-
sistently a number of times. Observers on average judged these
to be of about 80% effort despite having been instructed to judge
100% effort as the most a hifter could hift consistently in the
curls This result indicates that observers are sensitive to the
relatrve level of difficulty experienced by a hfter in hfting a
weight

Experiment 3: The Kinematic Form Of One-Arm Curls

The kinematic form of one-arm curls was measured and
compared, as a source of information about hifted weight, with

perceptual judgments from Experiment 2 The kinematics of
one-armed curls performed by 2 different hfters with five
different amounts of weight were recorded Position versus time
data were collected directly. Subsequently, velocities and accel-
erations were computed with filtered data. Graphs of veloaty
versus position and of acceleration versus position were com-
pared with perceptual judgment curves from Experiments 2

The object of the comparison was to discover changes 1n the
lifting motion, as revealed 1n kinematic descriptions, that corre-
spond to changes detected by observers, as revealed by percep-
tual judgment curves In both cases, the changes correspond
nonhnearly to changes 1n the amount of weight being hfted
from relatively light weight to the heaviest weight that a Lifter is
able to ift 1n the prescribed manner. Correspondence between
changes 1n recorded kinematic forms and changes 1n perceptual
Judgment 1s interpreted as evidence that these kinematic forms
are detected by observers and used by them to make the re-
quured yudgments

Method

Apparatus Apparatus designed by the author was built by Lars-Erik
Larsson at the Psychology Department of the University of Uppsala,
Sweden The apparatus consisted of a surface upon which the hfter
stood while leaning upon a vertical back support Attached to the back
support were a fitted styrofoam head rest and elbow rest The surface
upon which the hifter stood was adjustable for varying lifter height Ap-
proximately Y2 m below this surface was an adjustable lever arm fixed
at one end to an axis of rotation situated on a plumb line directly below
the axis of rotation of the hfter’s elbow The lever arm could be adjusted
m length to match the length of the hifter’s forearm and hand from the
elbow to the knuckle Standard barbell weights were fitted onto the dis-
tal end of the lever arm The weight levels used were as follows 4 25 kg
{9371b),675kg (14 881b), 9 25 kg (20 39 1b), 11 75 kg (25 90 1b), and
14 25 kg (31 41 Ib) A stirrup handle accessible to the lifter’s grasp was
attached to the lever arm by a ngid rod, which connected to an axle on
the distal end When the hfter was 1n place, his forearm was parallel to
the lever arm, and the whole formed a parallelogram, with the axis of
rotation of the lever arm directly below the elbow and the weights at-
tached to the end of the lever arm directly below the hand This arrange-
ment preserved to good accuracy the physical properties of 2 normal
barbell Lift All axles were very smooth with low levels of fnction The
main difference was the absence of the centrifugal force at the elbow
created by the rotating weight, a difference deemed not to affect the
nature of the one-armed curls performed.

A polentiometer attached to the axis of rotation of the lever arm pro-
duced a voltage output proportional to the angular position of the lever
arm and thus, due to the arrangement, proportional to the angular posi-
tion of the elbow The signal was low-pass analogue filtered (Winter,
1979) with an 8-Hz cutoff and sampled via an A/} board on a PDP-
11745 at a rate of 50 Hz In addition, the sampling was regularly cali-
brated for dnift in the signal

Before the data were differentiated to derive velocities, they were fil-
tered using two passes 1 opposite directions of a Butterworth low-pass
digatal filter of second order with a cutoff of 5 Hz. The data were filtered
1 the same way a second tume before differentiating for accelerations

Lifters Two male psychology students at the Unurversity of Uppsala
participated 1n the study as hifiers The first student was 180 ¢cm tall and
weighed 70 kg The second was 186 cm tall and weighed 79 kg The
first participant was moderately experienced 1n general fitness activities,
whereas the second student was somewhat less fit and hence experienced
the task as somewhat more difficult overall

Recording procedures Lifters were positioned for the hfts and per-
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formed lifts 1n exactly the same manner as described 1n the recording
procedures for Experiment | The only difference was that hifters
grasped and hfted the stirrup handle of the apparatus rather than an
actual barbell The range of weight included to an accuracy of the near-
est 2 5 kg the heaviest weight that the first lifter was able to Lift consis-
tently three times in each hft The first curl of the three 1n a Lift will not
be included 1n this analysis because the conditions of hift were somewhat
different than in Experiments 1 and 2 Lifts in Experiments 1 and 2
began with the lifter holding and supporting the weight of the barbell
The hfts in the present study began with the stirrup handle, and thus
the weight, sitting on an adjustable support from which 1t was lifted by
the hfter For the purposes of the present study, the analysis will focus
on the second curl as being representative of vanations m the kinematics
of the three curls in these hifts

Lifters hfied the five different levels of weight four times each in four
random-order blocks, resulting in a total of 20 ifts The first 10 of these
will be used for this analysis Finally, the range of weight levels was held
constant over different hfters rather than being adyusted to each lifter’s
abihties The result 1s that the range fits the first participant as desired,
but 1t exceeds the capacities of the second hifter, leaving only four weight
levels inside his range including the heaviest weight that he could hift
consistently

Results and Discussion

Figures 5 and 6 contain phase plane portraits of one-arm
curls recorded for the 2 male lifters. These portraits are remark-
ably regular. They exhibit a2 marked bilateral symmetry that 1s
shightly stronger for left-right halves than for top-bottom
halves. Aside from the initial pricking up and setting down of the
weight, the lift trajectory follows a very regular and repeatable
course, tracing over itself as the cycle of the curls repeats.

The kinematic property detected by observers in this study 1s
revealed 1n these graphs as a qualitative change that occurs over
weight levels 1n the shape of the orbit constituting the phase
plane trajectory of the one-arm curl As long as the weights are
relatively Light, the orbit maintains a rounded symmetrical
shape. When the weight gets heavy, the top part of the orbit rep-
resenting the upward motion of the hift shows a flattening. This
flattening corresponds to a drop 1n the peak velocity occurring
when the forearm 1is near or at 90° with respect to the upper
arm At this position, movement directly opposes the action of
gravity, and the mechanical advantage of the force opposing
movement is greatest.

Angular acceleration versus angular displacement graphs
corresponding to the phase plane portraits of Lifter 1 appear
m Figure 7. Similar graphs (not shown) were produced for
Lafter 2

The qualitative change 1n the phase plane portraits associated
with the heaviest weight lifted 1s reflected in the acceleration
versus displacement graph by a shallower slope at zero accelera-
tion mudway through flexion,

For analysis, various values were picked off of these velocity
and acceleration graphs. For the second curl 1n each hft, these
values were plotted versus weight levels for each of the 2 lifters.
Figures 8-11 contain graphs for durations, amphtudes, peak
accelerations, and peak and average velocities From inspecting
these graphs and comparing them with the perceptual judgment
curves of Experiments 1 and 2, it 1s apparent that the graphs
for peak and average flexion velocity and for duration of flexion
movement best predict the judgment curves Amplitudes re-

main fairly constant over weight levels Although peak accelera-
tions mught vary somewhat with the amount of weight being
hfted, the linear form of these curves does not reflect the form
of the yjudgment curves.

These kinematic measures are compared most appropriately
as sources of information with the perceptual judgments of Ex-
perument 2 because the displays 1n Experiment 2 included only
movements around the elbow and only full amplitude curls In-
dependently for each of the 2 hfters in Experiment 3, corre-
lations were performed comparing each of the kinematic mea-
sures on flexion movements with PEL judgmenits for both the
Max30 and Max35 hfters from Experiment 2 PEL judgments
from the first scaling condition {display only) were used These
are representative of all judgment curves 1n Experiment 2 be-
cause PEL curves remained invariant over scaling conditions
and because other judgment curves reflected the form of PEL
curves. In Experiment 3, values corresponding to only four
weight levels were obtained on kinematic measures for Lifter 2
These values were paired with PEL values corresponding to the
highest four weight levels in Experiment 3 Pearson’s r values
are shown 1n Table 3 The pattern of correlations supports the
hypothesis that the change in kinematic form 1s the source of
nformation in the displays Taken together, the kinematic mea-
sures provide a crude description of the change 1n kinematic
form occurring over levels of lifted weight These measures
must be interpreted heuristically and with care The nonsig-
nificance of the correlations for peak acceleration, for 1nstance,
should not be taken to mean that the behavior of peak accelera-
uons contributes nothing to perceptual yudgments The pattern
of correlations provides an indication that the style of change
exhibited 1n the phase plane portraits corresponds to the pat-
tern of perceptual judgments.

No cone of the measures used by itself describes the source
of information adequately For three reasons 1n particular, the
source of information would be described insufficiently and 1n-
correctly as a drop 1n peak velocity First, the same evidence
that mught justify a claim for peak velocity also would justify
claims for total cycle duration and average velocity, both of
which are defined over the entire amplitude of movement Sec-
ond, 1t 1s not merely the peak velocity that drops but a continu-
ous set of velocities occurring along a continuous subset of posi-
tions and dropping by an amount that varies according to a
continuous function of posttion Use of peak velocity 15 a heu-
ristic means of descrnibing thisdrop Third, and most important,
the peak velocity 1s a relative aspect of the hfting event It cccurs
at a specific location along the position and sits in a specific
relation to the remaining velocities in the event The signifi-
cance for abservers of a change i peak velocity cannot be evalu-
ated on the evidence independent of exther its location of occur-
rence Or 1ts relation to remaining velocities. Further, the relative
nonchange of extension velocities as well as flexion velocities
near amphtude endpoints can only be assumed to contribute
equally to the significance of the displays as does a drop 1n veloc-
1ties 1n the neighborhood of midflexaion There 15 no evidence
on which to base a claxm for the umique perceptual significance
of a restricted and 1solable portion of the lift trajectory The
claim that a change in kinematic form constitutes the source
of information 1s the more conservative hypothesis, given the
evidence, despite 1ts novelty A more appropriate measure of



( uorxap moq[a soyIudis A1O0[A aAnIsod Wlrealof pue uLe saddn usamixg Jfue 06 01 spucdsarIod
1uawsoeldsip Jen3ue I0] WSO Y] SUBIPEI 9§ |+ 01 9¢ [— WO Judurdde|dsip temBue = eSSsqy Pu0das I13d sueIpel ¢4 0} €— WOy A3130]94
Iemn3ue = A1RUIPIO) UMOYS B 5[4 1YS1om day Y1 Jo 3 ]) | JAYIT Aq pauriojsad spmo we-3uo jo syeiiod Jueld sseyd Jo $198 om| ¢ 2ndiyg

(SQYY) INBNIOVIISIQ ¥V NONY

(SOVY)  (NIWIDV 4 ¥ INONY OvE) INIWIOV vV ININY
C 0 Sep g ov'e ato-  wre: sy e, s 0o a0 S ‘o- e ox. N R ™ 0’ e o SV uh u:owua. 4510, M. noNY Yoo s e,
: “ -
8 8 8
s . b
- 2 s
g £ g
% % =%
8s 25 s
s 2 e
=2 ] o2
\ & s 82
5 3 3
2 2 £
MW M.V. N.V-
» » .
8 8 8
= o “ w
g g 8
I
&)
Z
=
" (SQVY)  INIWIIVIdS 1A ¥V INONY (SQVM) INIWIIV 4SO ¥V INONY (SAVY) INIWIIVI4SIQ ¥V INONY
P :.F_ anci 3u0 .ne 00°0- € -0- 82" °| A_,_nn 91~ 9% iR %0 0 00" 01 6C°0- LI O» FAME 961~ .ﬁ.—— a1t 240 850 00°0- 6L 0~ 28 Bv s...>| %L,
9 o &
> : 5 ;
w
0 " »
o . ’
m 83 ww wm
Q m 2 2
m 2% -4 %
Q < 8 8
S o e
o2 o2 2
82 > e
2 E) 2
] -5 -5
&2 8¢ s
m R &
e e e
o » »
] 8 8
L« “ “
H H 8

‘sBy Gg'v1 ‘8B G268 ‘sBy G2y

I oy AININIOVIdSIA "SA ALIDOTIA

168

¢ 18§

I 18§



169

KINEMATIC FORM AND SCALING

woJj £1150[34 Je[N3UR = NEUIPI)

(SO¥Y) ININIO¥IJSIO ¥YINONY
0 580

L 2} RS L 78 ecc- el 0- o FABa R 96 1-,
AN K ¢ X 9" .
o
v
%-V
82
2
g
>
i1
\\ // P
e
o
: o2
8=
S
>
(Sl =]
8¢
w
@
3
~
F
“
8
(SO¥Y) IN3W3IVIISIQ NVINONY
L 13Nt VA 80 60 00°C- un.\O». [ Fag -8 :V_Pw LM
L
S
wwv
7 83
<
g
/ %
25
i
o
} o2
i \ 8%
/ E
>
To
8<%
©w
m
e
~
H]
“
g

8By G211

¢ 18y

( SuBIpeI 9¢ [+ 01 9¢ [— W0IJ luawdde[dsip Je[ndue = eSSI35QY PUOIIS 1ad SUBIPBI £ 4 01 € —
UMOYS DI S[9A3] WYFam 1noj Jo 221U ) g oy Aq pawtiojrad Spno wie-auo Jo sielsod sueid oseyd g amndig

(SOYY) IN3WIOV14SIG ¥YININY (SQv¥d) IN3IWIDVIJS1Q YYININY
9% L 2 @°e &0 0C'9- 8L°0- 9°0- a9 ,... LI VRN 80 st 0 00°0- 8o 920 I 9% Lo,
wm g
2 .
8z / 83
= <
- I
5 AN 5
b i
2< 8=<
/ / 85 / =
N o o
AV 3 AN P
8= \n 34
) »
> >
o2 oA
85 8%
4 (%]
- m
< 2
N . ~
/’ o W
g
- L
8 8
(SQYY) INIWIDVIJSIO ¥y ININY
98y o ®0 §£0°  00°0-  6C°0-  #.0- e 957 1-, 95t e :.o.mo<mn.é_zuﬁwu¢m._mm_.m.ox.ﬁzokxo. Lo esn,
g H
~ »
o2 o
8z 8z
g g
.5 %
153 83
[ -
154 <
b [ 8
8= 8=
Ed ]
/ \ |-Z ]
& g2
& A
jad o
» w
g H
“ 7.1
2 8

‘8B) 626 '$6) G2y

ININW3OVIdSIA "'SA ALIDOT3A

¢ leg

b 18§



{ s1ead21 3[PAD 311 USY [, WOTX3[) AATIRIS[A0IP 01 SPUCSILI0D UOHRIZIIOE 31ISod ‘SIXE Y} FUISS01]) HOISUIIXI IANRIIIIOE O] Spuodsarsod
UOBIS[E0IE SALESIU ‘UINIAI SY] U() UOIXDY IANEIONOP SI09[Ja] UCIIBIIIIIT AU ‘SIXE I3 SUISSO1D) UOTXA[) SATEI200. Sayludis UoNel2008
aaysod *£10100le) 101d 913 Sumo]jo] [UONEBISERISP = — ‘UONEIIEIOE = +] LONEIIRIIE JO adA) pue (uolsualxa = — ‘U0TXaY = +] JUdW2AOW JO
uondanp y1oq sayudis ugis 'UoNeIA[a0e J0.] SUBIPRI 9§ [+ 01 0¢ [— WOy Juawraoeidsip Jenue = ess1osqy pasenbs puodds sadsueiprig[+ 0171
Wolj UONEIaERIe Imndue — ateupL(y) ¢ 2ndyy i sireniod sueid aseyd o1 Burpuodsauios syo1d 10U ASIP SNSIAA UONRIDPROOE JRfR3UY £ amdl]

(SQVY) INWIOVISIQ ¥V INONY (SOV) INIWIOVIJSIQ ¥V INONY (SQVY)  INBMIOV1dS LG MV ININY
W%l [ 820 "o S.W: ’n‘ﬁu 92°0- :A_b\ 951, 951 »\_.P_ 0 6L°0 00°0- 0~ QAAOP: 9L, %1l PEREY 820 .n\.»o 8.0-: L0~ 020~ 8- %1,
s 5 o
2 H 2
- H H
a 8 , 2
oc o =
8% 29 8%
» > »
.8 .8 8
in iR s
8 // 8m 8m
- Fd o
3 \ £ =
o o o
iz 82 82
3 2 M
Tm < *3 -2
83 85 83
m m m
© © o
Tu 'H CH
s 8 o 2y
< _ - -
oo 5 s H
@) 2 8 8
£
[+
-9
. (SOVY) INIWIOVI4SLO HVINONY (SAYY) INIWAIY TS IO UV INONY (savah
. wl o o oo sc000°Q- -o- ag- aee- 95 1., L 21 20 €0 00°0-  6C-0- % 0- a0t 95 1-, L0 1 80 mo<mn.;o;utowmwm._mm_-m.%.<._:u&<.mh 20i- 9% 1-,
13 s 5 AR 5
o, g, 2, g,
=z z z
mu 3 K] 3
o oF oF &
>
0 8% wH 8%
» >
v & B R
iR sm am
8m 8m 8
2 W bd
2 % >
om oo om
/ 2% 4 32 p3
] =1 2
> >
TW_ ] -2
85 > %
P s 3
' . =0
80 n N
Ls s -
8 8 8
‘sb . -8B . ‘sBY g2'v
LT A 803 G2°6

L J9417 LN3IWN3OVIdSIA "'SA NOILVHITIOOV

170

2 les

I 18§



KINEMATIC FORM AND SCALING 171

8 DURATIONS FOR LIFTER 1
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Figure 8 Durations for one-arm curls versus weight levels for Lifters | and 2 (The ordinate 1s tume, 1n
seconds, and represents the range from 1 to 1 80 by increments of 0 10 The abscissa 1s weight levels, 1n
kilograms, and represents the range from 1 75 to 14 25 by increments of 2 50 Flexion = +, extension = x )

change 1n kinematic form remains to be developed, probably
within the domain of differential geometry.

General Discussion

These experiments simultaneously investigated two ques-
tions that emerged from the results of Runeson and Frykholm
{1981) In that study, observers accurately judged amounts of
lifted weight from the complex kanematic patterns of full body
lifts. The first question was what properties of these kinematic
patterns allow judgments of weight to be made. The present
experiments explored the informative value of patterns of vara-
tion 1n velocity of the hifted object over position The results of
Experiment 2 showed that a 1-df lift trajectory allowed observ-
ers to distinguish amounts of lifted weight to a very limited de-
gree This aspect of the full body Lfts performed in Runeson
and Frykholm (1981, 1983) could not have been the primary
source of information for lifted weight, given the comparatively
superior performance of Runesen and Frykholm’s observers
Observers 1n the present study were best able to discriminate
amounts of weight approaching the maximum that a hifter was
able to handle m the constrained one-arm curl. Kinematic re-
cordings 1n Experiment 3 revealed that the pattern of variation
in velocity 1n the one-arm curls did not vary sigmficantly over
light-to-medium levels of weight. However, heavier weights pro-

duced a charactenistic flattening of the phase plane portrant
Thus flattening corresponded to a drop 1n velocities occurring
i the neighborhood surrcunding half-amphtude of flexion to-
gether with a lack of change 1n velocities at remaining positions
of both flexion and extension The results indicated that observ-
ers were able to detect this change 1n the hift trajectory However,
observers’ judgments reflected more than an ability to detect
changes 1n kinematic patterns The judgments of weight 1ndi-
cated that variations 1n kinematic properties of a patch—light
display were scaled somehow to enable observers to judge values
of a kinetic property

The second question emerging from Runeson and Fryk-
holm’s study concerns the basis for this scaling The results of
Runeson and Frykholm (1981) demonstrate that some basis for
scahing judgments of weight must exist in the kainematic patterns
of the displays themselves The standard provided by the exper:-
menters might have allowed absclute-interval scaled weight lev-
els to be scaled to zero, but it could not have bridged the gap
between ordinal and ratio scaling. The present experiments 1n-
vestigated the efficacy of the scaling basis intrinsic to the dis-
plays, and the contribution to accuracy’ of judgment of an adds-

7 When evaluating the efficacy of perceptual information, it 1s impor-
tant to note that accuracy 1s an inherently functional notion Measured
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Figure 9 Amplitudes for one-arm curls versus weight levels for Lifters 1 and 2 (The ordinate 1s displace-
ment, 1n radians, and represents a range from —2 to +2 by increments of 0 S0 The abscissa 1s weight levels,
n kilograms, and represents a range from 1 75 to 14 25 by increments of 2 50 Flexion = +, exten-

510N = X )

tional basis for scaling provided extrinsically by the experi-
menter, The results confirm that the kinematics of the displays
provide the primary basis for scaling judgments of lifted weight.
Relative interval scaling was determined by the displays The
form of the judgment curves determined in the display-only
conditions remained essentially unaltered 1n successive condi-
tions, which included an extrinsic standard. Slight changes that
effectively smoothed out a couple of the curves in Experiments
I and 2 mght be attributed to practice at detecting fairly subtle
changes 1n the kanematics of hight-to-medium weight levels.
Absolute interval scaling was determined primarily by the
displays, with slight adjustments sometimes occurring with the
addition of an extrinsic standard. The results of Experiment 1
exhibit an interaction between the range of weight judgments

values may vary within a tolerance region without affecting acceptable
performance 1n a task 1n which the information 1s used Variations in
functional requirements can alter tolerances determining accuracy. In
the present study, only vanations 1n relative accuracy can be considered
where the tolerances employed are determined by laboratory conds-
tions Ultimately, the accuracy of perceptual information should be
measured against naturally occurring functional requirements

and the distance of the entire range from zero. Decreases 1n
Judged weight values over scahng conditions were accompamed
by a compression of the judged range, leaving relative scaling
intervals unchanged However, the results of Experiment 2 re-
veal no such effect. The slopes of judgment curves in Expen-
ment | were greater than those 1n Experiment 2, contnbuting
10 the greater overall accuracy of judgments in Experiment |.
The lack of an interaction between slope and height of curves
over scaling conditions 1n Experiment 2 mught be related to the
overall shallowness of the curves. The tnability of observers to
discriminate Light from medium weight levels appears to have
overridden any tendency for a decrease 1n siope to accompany
a drop 1n the entire curve.

Finally, the scaling of distance from zero was determined to
a degree by the displays All judgment curves in the display-only
condition fall within a restricted distance from points of perfect
accuracy Subsequent provision of extrinsic scaling bases fur-
ther restricts this distance

The judgment curves are rehiably nonlhinear 1n Experiment 2
despite linear vanations in the amount of hfted weight. This
result might seem anomalous for the KSD hypothesis. However,
this 15 not the case. The key to understanding this lies 1n the
following observations The relation between the curvilinear
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Figure 10 Peak accelerations for one-arm curls versus weight levels for Lifters 1 and 2 (The ordinate 1s
peak acceleration, 1n radians per second, and represents a range from —8 10 +8 by increments of 2 The
abscissa 15 weight levels, 1n kilograms, and represents a range from 1 75 to 14 25 by increments of 2 50
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trend 1n judgments and the strictly hinear trend in weight varia-
tions reflects a nonlinear relation between variations 1n the
event kinematics and the parametric variations in the particular
dynamuc factor of interest. The hited weight 1s only one of the
dynamic factors contributing to the form of the lifting event. Its
relation to and manner of interaction with the remaining fac-
tors determine the relation of hfted weight to the event kinemat-
ics and, thence, to perceptual judgments.

KSD 15 not a claim that there 1s always a unique relation be-
tween kinematics and dynamics, nor does the vahidity of KSD
depend on such a claim KSD says that if and when and to the
extent that there 15 a unmique relation between kinematics and
dynamucs, then kinematic patterns provide a source of informa-
tion for dynamic properties of an event. Event kinematics are
himated as a source of information just to the extent that the
relation between kinematics and a dynamuc factor in an event
15 0ot vque.,

In general, unique relations can be expected to obtain only
between resultant dynamuc factors and their kinematic effects,
One of the main principles underlying the Newtonian approach
15 that a collection of forces acting to produce specific motions
1n an event can be represented in terms of the action of a single
resultant force. Proceeding inversely, only the resultant can be

distinguished 1n the kinematics unless the contributions of
component forces are distinctive and fail to cancel For in-
stance, independent characteristics of the motion of a damped
oscillator (e.g , a pendulum) reflect the contributions of the con-
servative force (e.g , gravity) and the dissipative forces (e g , air
and hinge friction) (Thomson, 1972) Gravity keeps a pendu-
lum oscillating in a smooth, symmetric, and pentodic motion
while friction successively reduces the amplitude of oscillation
Parametric vanation 1in the amount of friction results in pro-
portional charactenstic changes 1n the kinematic trajectory,
that 1s, changes 1n the degree of decrease in amphtude

In contrast, sismultaneous proportional variations m two dy-
namic factors can result in kinematic invariance Increasing the
mass attached to a nonlinear spring hanging 1n the gravita-
tional field can alter 1ts oscillatory trajectory, making 1t increas-
ngly asymmetric, However, increases in mass can be cancelled
by substituting a spring that 1s stiffer in proportion and identical
n other charactenistics The result of proportional parametric
variations 1n stiffness 1s a trajectory that 18 unchanged by para-
metric varations in mass

In the one-arm curls, increases from hLght to medium
amounts of weight were met by proportional increases in the
stiffness of the actuators The result was an invariant kinematic
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form and thus no source of information for the vanation 1n
weight However, as weights became heavy, velocihies 1n the
neighborhood of midflexion dropped while remaining veloci-
ties did not change

Table 3
Correlations Berween PEL Judgments and
Kinematic Measures on Flexion

Subject DUR PK VEL AV VEL PK ACC AMP
Lifter 1 84+ — 76* - 75 - 53 —23
Lifter 2 90** —91** — 90** -22 —81*

Note DUR = duration, PK VEL = peak velocity, AV VEL = average
velacrty, PK ACC = peak acceleration, AMP = amphitude
*p< 05 *p< 01

To what might the reduction in velocities at midflexion of the
Iifts with heavier weights be attributed? The system appears to
preserve a preferred trajectory over changes from light to me-
dium amounts of lified weight. With an invariant velocity pro-
file, increased amounts of weight represent increased power re-
quirements Eventually, increases in weight must exceed the
power capabilities of the system at midflexion, where the lever
arm of the hfted weight reaches a maximum, creating a maxi-
mum resisting torque As a result, midflexion velocities must
be reduced to allow requisite force to be applied. The system 1s
compelled by power hmitations to move down the force—veloc-
1ty curve to achieve required force levels (See McMahon, 1984,
p. 15 for a graph of the force-velocity relation and accompany-
ing power output.) The velocity reduction means that the mus-
cles are producing high force levels for extended periods of
time The result 15 increased fatigue Thus, the change 1n the
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kiematic form of one-arm curls 1s attnibutable to a specific
property of the actuators in human movement, namely the
force-velocity refation.

The hmitations of power output by imb muscles provide
some account for the type of change that occurs 1n the kine-
matic form of hits The pattern of change maps well to the pat-
tern of perceptual judgments. However, scaling of judgments
depends on the perceptual sigmificance of the kimematic change,
and this 1s determined entirely by the perceptual sigmificance of
the kinematic form undergoing change The kinematic form is
exhibited in the displays from Experiments | and 2, which are
readily recognized as human weight hifting This fact 1s consis-
tent with the finding that the trajectones recorded 1n Experi-
ment 3 are characteristic of human limb motion in general Ve-
locity profiles similar in shape to those recorded in the hifis have
appeared mn numerous studies of human imb motion mvolving
either ane or two joints and varying in amplitude, duration,
direction, required accuracy of final position, and limb move-
ment through a umdirectional reach or oscilfation along some
path {Abend, Bizzi, Morasso, 1982; Atkeson & Hollerbach,
1984, Cooke, 1980; Freund & Budingen, 1978; Gachoud, Mou-
noud, Hauert, & Yiviani, 1983; Hogan, 1984; Jeannerod, 1981,
1984, Kelso, 1984; Kelso, Holt, Kugler, & Turvey, 1980; Kelso,
Hoit, Rubin, & Kugler, 1981; Lestienne, 1979, Morasso, 1981,
1983, Mounoud, Mayer, & Hauert, 1979; Stote & Stone, 1963,
Soechting & Lacquamiti, 1981}, That velocity profiles like these
contribute strongly {0 the recogmtion of human motion 15 1ndi-
cated by Johansson’s result showing that observers can distin-
guish patch—hght people from patch-hight stick figure puppets
in under half of a second (Johansson, 1976) However, the pecu-
har characteristics of the trajectories that enable such peremp-
tory recognition remain to be revealed.

Umique kinematic charactenistics of human motion are gen-
erated by the umque and extremely complex dynamics of hu-
man action Unfortunately, the dynamics underlying human
hmb motion 15 not vet well understood. There 1s consiwderabie
evidence that mammahan movement is orgamzed so that grav-
1ty or the elastic components of the actuators can be used to
store mechanical energy and return it, thereby reducing meta-
bohic energy consumption {Cavagna et al, 1977; Fedak et al.,
1982; Heglund et al , 1982; Hof et al., 1983; Taylor, 1980} For
nstance, walking 1s orgamzed as a combination of inverted and
upright pendulums {Alexander, 1977, McMahon, 1984; Mo-
chon & McMahon, 1980), while runming takes advantage of the
elastic compliance of muscles and tendons {Alexander, 1984,
Giovanm et al., 1980; Goslow, Seeherman, Taylor, McCutchin,
& Heglund, 1981; Taylor et al., 1980). Such organmization pro-
duces preferred freguencies that reflect the optimal frequencies
at which mechanical energy can be conserved wia the particular
storage medium (Cavagna et al., 1977; Mochon & McMahon,
1980). The preferred frequencies of upper limb motion ob-
served 1n numerous experiments are around 0.8 to 1.00 Hz
(Abend et al., 1982; Hogan, 1984; Jeannerod, 1981, 1984; Mo-
rasso, 1981). The stable and regularly reproduced frequencies
recorded 1n the one-arm curls were 1n this range. Viviani,
Soechting, and Terzuolo (1976) discovered the resonant fre-
quency of the forearm actuators to be approximately 0.8 Hz
This circumstance leads naturally to the speculation that the

elastic components of the forearm actuators are bemng em-
ployed to bounce the weight up 1nto the lift on consecutive curls
The sharp acceleration peaks occurring at the endpoints of
movement would be consistent wath this type of organization
The movements of the shoulder accompanying heavier hifts in
Experiment 1 provide a further indication that use of passive
comphance 1 the actuators contnibutes o resulting character-
stic forms of motion. Taylor et al {1980} have found that reor-
gamization of movement occurs when larger, more comphant
elastic components are requured to store larger amounts of en-
ergy in more forceful movements Shoulder movements would
accompany a shift to the longer two-joint muscles spanning the
shoulder and elbow Ifthis type of reorgamization i1s indeed char-
actenistic of more forceful movements, then this would shed
light on the superior judgments 12 Experiment 1 In palot stud-
1es, free-standing lifiers performing one-arm curls exhibited vet
further reorganization, eventually using their entire upper
trunk to help project the weight into a hft Successive reorgam-
zation of lifting movements mught be investigated profitably i
future expeniments on the visnal perception of hifted weight

As should now be clear, the challenge 1n reahzing the KSD
thesis as a theory 1n specific cases hes 1n describing the scaling
relation between kinematic forms and dynamic factors. When
event dynamucs are described exphcitly in terms of differential
equations, each dynamuc factor is described by a coefficient {or
parameter) on a kinematic vanable KSD may be understood
roughly 1n terms of scaling the values of these coeflicients
Thinking this way helps to motrvate reference to the relation
between kinematics and dynamics as a scaling refation. How-
ever, 1t does not contribute much to an understanding of how
spectfic kunematic forms might scale to specific dynamic fac-
tors. Mathematically, the generic relahon between kinematics
and dynarnics 1s too [ritle constramed and too little understood
1o provide much guidance ®

More helpful, perhaps, 15 the recogmition that the ability to
Judge scaled values of weight 15 accompamed by the abihity to
wlentify the tvpe of event taking place. This observation is rele-
vant certainly to the results for judgments using alternative met-
rics. Judgments using metrics intrinsic to the event being ob-
served were less sensitive to the additzon of an extrinsic basis
for scaling These judgments were scaled better onginally. Judg-
ments of effort for the hifter were 1nvarant over scaling condi-
tions. Judgments of effort for the observer adjusted over scaling
conditions less than did judgments of weight. The reduced sen-
sttivity to vanations in scaling bases might be attnibuted to the
fact that these metrics were based on a scaling property tntrinsic
to the event being judged. Both metrics focused on the imiting
maximum weight value This value is a property characteristic

® For mstance, nonhmear systems have been systematically studied
only within the last couple of decades The uniqueness of the relation
between dynamical systems as models and measured kinematics 18 in-
westigated within dynamucal systems theory as the problem of structural
stabihity This remains an open problem See the introduction to Abra-
ham and Marsden (1978) Developing descriptions of dynamic factors
within a differential equation often involves more than simple scaling
of constant coefficients, especially for nonlinear systems CoefBaents
often are functions in kinematic vanables, and the form of these func-
tions must be discovered before values can be scaled
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of the particular type of event, namely, human one-arm weight
lifung

In general, event types relate directly to scale. Restricted scale
values are intrinsic to spectfic types of events. The sizes of ges-
ticulating people and of trees blowing 1n the wind fall into spe-
cifically restricted ranges, respectively (McMahon & Bonner,
1983), The same 1s true of plodding elephants and scampering
mice, falling rain drops and the waves upon a lake. That an ant
can be trapped 1n a drop of water by the surface tension 1s re-
lated directly to the scale of the event. It 15 the scale-specific
nature of event perception that made The Fantastic Voyage so
fantastic and truly a work of ficion, An understanding of how
and when kinematic patterns allow events to be identified would
take us a good way toward a solution to the kinetic scaling
problem.
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