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Magnitude estimation and sensory matching

LAWRENCE E. MARKS
John B. Pierce Foundation Laboratory and Yale University, New Haven, Connecticut

Scaling procedures are commonly used to generate sensory matches, in which each match is
defined as the set of stimuli that yield a constant average judgment. Five experiments evaluated
the principle of "matching-by-scaling" in the magnitude estimation of loudness: (1) Matches de
rived from magnitude estimates of the loudness of qualitatively different sounds (500-Hz and
2500-Hz tones) change dramatically with changes in the relative intensity levels (contexts) of
the stimuli being judged. (2) Small changes in matches apparently can arise from sequential
processes of judgment, even when the stimuli are qualitatively identical (all 500 Hz). (3) Even
when the effects of sequential processes are minimized by averaging, changing the context in
duces large changes in loudness matches derived from magnitude estimates of 500-Hz and 2500
Hz tones. (4) Changing contextual sets of qualitatively identical stimuli (all 500 Hz) presented
to different ears has little effect on interaurally matching values. (5) Matches between 500-Hz
and 2500-Hz tones shift with changes in the proportions of presentations of various intensity levels,
even when the intensity levels themselves do not change. The results imply that judgments of
perceived intensity of qualitatively different stimuli do not always obey the principle that equal
sensations yield equal response, and, accordingly, that experiments using scaling methods to gener
ate matches should compare stimuli whose levels of subjective magnitude are roughly the same.
The results can be described by a quantitative model containing a parameter that depends on
qualitative similarity and that may therefore reflect the degree of overlap in activated sensory
channels.

Central to the discipline of psychophysics is the deter
mination of equality between two perceptual experiences,
an operation known as matching. Matching may involve
either perceptual identity, in which percepts are wholly
indistinguishable, or it may involve perceptual equiva
lence, in which percepts are equal with respect to some
attribute or attributes, but not with respect to others.

Brindley (1960) dubbed these two kinds of matching
operations Class A and Class B, respectively. Metameric
color matching is a prototypical Class A operation
(metamers are lights of different spectral composition that
appear equal in all aspects-hue, saturation, and bright
ness). Heterochromatic brightness matching and hetero
frequency loudness matching exemplify Class B opera
tions: Lights may be equal in brightness but different in
color; sounds may be equal in loudness but different in
pitch. Much of the edifice of sensory psychophysics rests
on these types of matching.

My main concern here is the partial equivalence of
matches established by Class B operations-in particular,
intensity matches in the face of qualitative differences.
The notion of partial equivalence relies implicitly on the
reasonable view that for any attribute or set of attributes,
there do exist absolute equations across stimuli that differ
in physical composition. For instance, under fixed con-
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ditions of stimulation and state of the sense organ, and
within limits set by precision of psychophysical methods,
a given subject will perceive a 500-Hz tone at 70 dB SPL
and 2500-Hz tone at some other SPL to be equally loud.
Of course, in any particular experimental implementation,
it is necessary to avoid certain methodological biases of
matching in order to ensure adequately precise, reliable,
and valid measurement. But such biases are seen as largely
of the second order.

Scaling methods such as magnitude estimation currently
find wide use in sensory psychophysics-and elsewhere
as a means, albeit indirect, to assess matching perfor
mance. When used for this purpose, magnitude estima
tion asks subjects to assign numbers to represent the per
ceived intensities of stimuli that differ in perceived quality
or in other dimensions besides intensity; that is, subjects
make their judgments under conditions corresponding to
Class B matching. Prima facie, it would appear that mag
nitude estimates can specify-quickly, efficiently, and
reliably-equivalences across qualitatively different
stimuli.

Several investigators, including the present author, have
reported how magnitude estimates produce the same sen
sory equalities as those produced by direct matching. J. C.
Stevens and S. S. Stevens (1963), for instance, inves
tigated the perception of brightness as a function of the
level of light adaptation that operated just before brief
visual stimulation; they found that magnitude estimation
and interocular matching yielded equivalent matches be
tween luminance levels presented to a dark-adapted eye
and to a light-adapted eye. Hellman and Zwislocki (1964)
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found that magnitude scaling and direct matching yielded
equivalent loudness matches between l000-Hz tones heard
in quiet and in the presence of masking noise. More than
a decade ago, I documented and reviewed a wide range
of experiments that made the general point (Marks, 1974):
Scaling procedures, such as magnitude estimation, can
function as "null methods," quite apart from their puta
tive ability to represent sensory magnitudes on a ratio
scale.

My aim here is to evaluate more critically than has
generally been done in the past the principle of "matching
by-scaling," that is, the principle that scaling methods
always produce sensory matches when subjects judge the
intensity of qualitatively different stimuli. The principle
rests on the seemingly reasonable assumption that sub
jects will make the same overt response, on average,
whenever the sensory-perceptual experience has a par
ticular value on the dimension being judged. In judging
the loudness of pure tones differing in frequency, for ex
ample, subjects presumably give the same rating-the
same average magnitude estimation or whatever-to the
same loudness, regardless of sound frequency. But is this
true? Some recent evidence suggested to me that there
may be unexpected limits to the validity of the matching
by-scaling principle and thus provided the impetus for the
experiments described below.

My concerns come from two sources. First is the find
ing that cross-modal matches change when the relative
intensity levels (contexts) of the stimuli change (Marks,
Szczesiul, & Ohlott, 1986): Two scaling methods, mag
nitude estimation and cross-modal difference estimation,
agreed in showing that cross-modal matches between loud
ness and vibration, between loudness and brightness, and
between auditory duration and visual duration were all
markedly influenced by the contextual sets of stimuli be
ing compared. Simply put, when subjects compared a
fixed set of stimulus levels on one modality to a variable
set on the other, the matching values changed with changes
in the stimulus levels of the variable set. With auditory
duration and visual duration, the changes in matching
values were about one-third the size of the changes in
stimulus levels; with loudness and vibration and with loud
ness and brightness, the changes in matching values were
about half the size of the changes in stimulus context
(although I should note thatJ. C. Stevens & Marks, 1980,
reported much smaller effects of changing stimulus con
text on derived loudness-brightness matches). This out
come indicates a substantial relativistic component to
cross-modal matching. Several investigators have argued
that cross-modal matches are not absolute but relative,
that they depend primarily on context (Cohen, 1934;
Mellers & Birnbaum, 1982; see also K. Smith & Hardy,
1961). Moreover, the large relativistic component to the
judgment of duration as well as intensity suggests that such
phenomena may be widespread.

Relativity in cross-modal judgment need not, of course,
imply relativity in intramodal judgment, and it is intra
modal judgment that forms the subject of the present

study. The second impetus for the present study came
from my recent attempts (not published) to use the method
of magnitude estimation to assess loudness summation in
individual subjects. Those experiments compared single
tones to two-tone complexes comprising equally loud,
widely separated sound frequencies-a condition in which
I expected the two-tone complexes to be, on average,
twice as loud as the single tones (e.g., Fletcher & Mun
son, 1933; Howes, 1950; Marks, 1979). Instead, I found
that repeated presentation of the stimuli yielded less than
complete summation-as if, with multiple replications of
the stimulus sets, there was a contextual "assimilation"
of the judgments. In other words, these unexpected find
ings suggest shifts in loudness matches between single
tones and multiple tones. The dependence of loudness
matches on stimulus context became the subject of the
present study, which found that marked relativity can
characterize intramodal matches derived from scaling
judgments.

EXPERIMENT 1

The first experiment provided a simple and direct test
of magnitude estimation as a means to generate sensory
matches. Despite the positive successes of Hellman and
Zwislocki (1964), of J. C. Stevens and S. S. Stevens
(1963), and of others outlined above, the possibility re
mains that under certain circumstances, matches derived
from scaling judgments can be strongly biased. I suspect,
given the findings on relativity in cross-modal compari
sons (Marks et al., 1986), that such biasing will occur-or
less pejoratively, that matches will vary-when two con
ditions are satisfied: First, the stimuli being "matched"
must be qualitatively dissimilar, and second, the sets of
qualitatively different stimuli being judged must have
different levels or ranges of subjective intensities.

Let me take up these two conditions in order. First, in
cross-modal comparison, the stimuli being matched are,
by their very nature, qualitatively different. Presumably,
stimuli from two modalities, such as a white light and a
pure tone, are even more different than stimuli from the
same modality, such as pure tones of different frequen
cies. Nevertheless, qualitatively different homomodal
stimuli may behave much like qualitatively different het
eromodal stimuli. Second, the cross-modally matching
values change when the stimulus context changes, that is,
when the psychological magnitudes of the stimuli being
compared are shifted relative to each other (Marks et al.,
1986). In cross-modal comparison, changing the levels
of sound intensity, while leaving intact the levels of vibra
tion or light intensity, resulted in a substantial shift in the
matching stimulus levels. This paradigm tests the stabil
ity of matches when the entire psychophysical system is
"challenged. "

Experiment 1 put intramodal comparison to the same
test: In different experimental sessions, subjects judged
the loudness of various levels of pure tones of 500 and
2500 Hz. In one session, the sound-pressure levels (SPLs)
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at 500 Hz were low, and those at 2500 Hz were high; in
the other, the relative levels were reversed. The question
is, Do matching values remain invariant across shifts in
stimulus context?

Method
The stimuli consisted of l-sec bursts of 500-Hz and 2500-Hz

tones, with IO-msec rise and decay, presented binaurally through
TDH-39 headphones mounted in MX41/AR cushions. The stimuli
were generated by Coulbourn Instruments modules under the con
trol of an Apple lIe microcomputer. In one condition (A), the SPLs
of the 500-Hz signals were low (35-70 dB, in 5-dB steps) and those
of the 2500-Hz signals were high (50-85 dB, in 5-dB steps); in the
other condition (B), the SPLs of the 500-Hz signals were high
(55-90 dB) and those of the 25OO-Hz signals were low (30-65 dB).

Thus, at each frequency, the SPLs differed across the two con
ditions by 20 dB, and because the sets shifted in opposite direc
tions, the overall contextual shift between the two sets of stimuli
was 40 dB. The use of slightly greater SPLs at 500 Hz than at
2500 Hz represented an attempt to equalize loudness at the two fre
quencies, given the auditory system's greater sensitivity at 2500 Hz.
Note that this selection of stimulus values reflects the view that there
do exist absolute equivalences between loudnesses at different sound
frequencies.

The method was magnitude estimation with no specified modu
lus. The subjects were instructed to assign to the first stimulus
whatever number they deemed appropriate to stand for its loud
ness, and then to assign to succeeding stimuli other numbers in
proportion. Whole numbers, decimals, and fractions were permit
ted. The numeral "zero" reflected theabsence of sound, but it was
never reported. From each trial to the next, the two frequencies
were presented in strict alternation-the procedure used by J. C.

Stevens and Marks (1980) and by Marks et al. (1986) in their as
sessments of the "absoluteness" of cross-modal matches. Other
wise, the order of stimulus levels was random and different in
every session for every subject. The entire set of 16 stimuli (8 at
each frequency) was presented and judged a total of I0 times within
the course of each session by each of the 16 young men and women
who served as subjects. Each subject served in two such sessions,
one Judging the stimuli of Set A, the other judging those of Set B.
Eight of the subjects participated first in Condition A and then in
Condition B; the sequence was reversed for the other 8 subjects.
Sessions were separated by 1-10 days.

Results and Discussion
The magnitude estimates given by each subject to each

stimulus were averaged arithmetically within sessions, and
these subject means were then averaged geometrically
across subjects in each condition (see Figure 1). Inspec
tion of Figure I makes it clear that the contextual set of
stimuli exerted a substantial effect on the relative judg
ments of loudness at the two frequencies. Although the
slopes of the functions did not change over conditions,
the intercepts changed markedly at both sound frequen
cies (a bit more, Figure I indicates, at 2500 Hz than at
500 Hz). And because intercepts changed, matching
values changed: When the SPLs at 500 Hz were low (open
squares) and those at 2500 Hz were high (open triangles),
the 500-Hz signals yielded greater loudness judgments at
equally intense levels. But when the SPLs at 500 Hz were
high (filled squares) and those at 2500 Hz were low (filled
triangles), just the reverse occurred, with the 2500-Hz
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6 2500 Hz
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Figure 1. Geometric mean magnitude estimates of the loudness of 500-Hz tones (squares) and 2500-Hz

tones (triangles), plotted against sound-pressure level (SPL). In Condition A, the stimulus presenta
tions alternated between low SPLs at 500 Hz and high SPLs at 2500 Hz (open symbols), and in Condi
tion B, between high SPLs at 500 Hz and low SPLs at 2500 Hz (filled symbols).
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Figure 2. The data from Figure 1, replotted with the functions normalized. NOrmalization involved

(I) shifting in the vertical plane the function at 500 Hz from Condition B (ftOed squares) so as to max
imize its correspondence with the function at 500 Hz from Condition A (open squares) (indicated by
the virtual identity of the points from 55 to 70 dB); and (2) then shifting by the same amount the func
tion at 2500 Hz from Condition B (filled triangles). The separation of the functions at 2500 Hz now
reveals the magnitude of the contextually induced shift in loudness matches.

signals yielding greater judgments. Exactly the same sort
of changes appeared previously in cross-modal compari
sons (Marks et al., 1986; see also Melamed, 1970); the
changes in judgment induced by shifting relative stimu
lus levels may be characterized as "assimilative."

The magnitude of the difference between results for the
two conditions is most readily assessed after the data are
normalized. To do this, I calculated, for the four SPLs
at 500 Hz common to Conditions A and B, the ratio F
of the overall geometric mean from Set A to that from
Set B (log F = [l/n] ElogR.,/RbJ, then multiplied all of
the judgments of Set B, both at 500 and 2500 Hz, by F.
This transformation overlays the two functions at 500 Hz
relating loudness judgment to SPL (Figure 2); conse
quently, the separation of the corresponding functions at
2500 Hz now represents the effect on judgment of shift
ing the contextual set. The transformation leaves intact,
however, the implicit matching levels of loudness across
sound frequency.

The context-induced change is approximately a 2: 1 ra
tio in the loudness judgments themselves. However, fol
lowing Marks et al. (1986), who pointed out that the
change in such loudness ratios depends strongly on the
ratio range of numbers assigned by the subjects, I also
calculated the effect of context in terms of the change in
loudness matches. Note that when the subjects judged the
stimuli of Set A, the loudness of a 500-Hz tone at 65 dB
matched the loudness of a 2500-Hz tone at 70 dB (both

of those stimuli giving rise to the same mean magnitude
estimate); but when the subjects judged the stimuli of
Set B, the same 500-Hz tone at 65 dB matched a 2500
Hz tone at 53 dB. Thus the loudness match shifted by
17 dB!

The two functions at 2500 Hz (Figure 2) are separated
overall by an average of 17.7 dB, which thus represents
the average change in matching values induced by shift
ing contextual sets (if we look at first sessions only, com
paring the 8 subjects who judged Set A to the 8 subjects
who judged Set B, the difference is even larger
19.8 dB). Given that the contextual shift between Stimu
lus Sets A and B amounted to 40 dB overall (a 2Q-dB shift
at each frequency), a change of 17.7 dB in matches con
stitutes 44 % of the contextual shift. This outcome is
remarkable. Marks et al. (1986) reported percentage
changes in cross-modal matches that were hardly larger
(46% between loudness and brightness and 56% between
loudness and vibration). The present fmdings suggest that
loudness matches obtained by scaling procedures like
magnitude estimation can depend markedly on the choice
of stimulus levels.

EXPERIMENT 2

It seems intuitively reasonable to expect that the bias
exerted by context on matching values must depend at least
in part on the degree of qualitative similarity between the
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stimuli being judged. In the limiting case, if the stimuli
are identical, there should be no bias at all. At least, this
should be the case if the contextually induced bias is not
due to some other methodological characteristic of the ex
perimental procedure, such as the strict alternation be
tween stimulus frequencies from trial to trial.

But the procedure of alternating from trial to trial be
tween stimuli selected from the two stimulus sets certainly
could affect matches, given the evidence that sequential
biases operate in judgment. The numerical response given
to the current stimulus depends not only on such physical
characteristics of that stimulus as its frequency and in
tensity, but also on prior stimuli and on responses to them.
In general, sequential effects tend to contain two main
components-contrast between the current response and
the previous stimulus, but assimilation of the current
response to the previous response (e.g., Jesteadt, Luce,
& Green, 1977; Lockhead & King, 1983; Ward, 1982).
Hence, a stimulus will tend to "mismatch" itself each
time it follows a different prior stimulus or response, as
Cross (1973, Figure I), Lockhead and King (1983,
Figure 2), and Ward (1973, Figure 2) have shown; over
all, sequential effects tend to be largely assimilative, in
that responses to current stimuli resemble responses to
immediately prior stimuli.

Such sequential effects could influence matching values
under the procedure of Experiment 1. In Condition A,
the SPLs at 500 Hz were low and those at 2500 Hz were
high, but in Condition B, the SPLs at 500 Hz were high
and those at 2500 Hz were low. Because of the strict trial
to-trial alternation between the two sound frequencies,
each subset of stimuli would be subject to different se
quential effects: In Condition A, the relatively soft 500
Hz tones alternate with relatively loud 2500-Hz tones. If
sequential effects lead to assimilation, the loudness judg
ments of the 500-Hz tones should increase, whereas those
of the 2500-Hz tones should decrease. Similarly, in Con
dition B, the relatively loud 500-Hz tones alternate with
relatively soft 25OQ-Hz tones, and, consequently, the loud
ness judgments of the former should decrease while those
of the latter increase. Overall, then, one would expect
different implicit loudness matches under the two condi
tions. Might these effects provide the entire explanation
for the shift in matches observed in Experiment I? Ex
periment 2 provided a simple empirical test, mimicking
the conditions of the first experiment, except that in Ex
periment 2 the two sound frequencies were identical.

Method
As indicated, the only change from Experiment I was in the stimu

lus frequencies. Here all stimuli had a frequency of 500 Hz.
Nevertheless, the stimulus sets were treated as before: In Condi
tion A, the SPLs of one subset were low (35-70 dB) and those of
the other high (55-90 dB); in Condition B, the subsets were
reversed. the former now high and the latter low. Of course, from
the subjects' point of view, the sets of stimuli in Conditions A and
B were absolutely identical, consisting in each case of SPLs of
35-90 dB, with levels 55-70 dB common to the two subsets and
thus presented twice as often as the lower and higher SPLs. But

the procedure does call for stnct alternation from trial to trial be
tween stimuli from the two subsets of each set; hence. In each ses
sion. the subjects were presented sllmuli that alternated between
low and high subsets of SPLs. Had the procedure involved com
plete randorruzation of stimulus levels. the present experiment would
have been unnecessary. In that no difference could emerge between
stimulus subsets (except that resulting from noise in the measure
ments). But this need not be the case with the present design.

Again, 16 young men and women served as subjects, each in two
sessions, judging all 16 stimuli a total of 10 times in each session.

Results and Discussion
Context had only a small influence here, as Figures 3

and 4 make clear. Like the corresponding Figures I and
2, both figures plot geometric mean magnitude estimates
against SPL, Figure 3 giving the original data and
Figure 4 the data after normalization. In both, I have con
tinued to treat the subsets of SPLs within each set
separately, as if here, too, as in Experiment I, these sub
sets comprised different frequencies. And, in fact, the
procedure of alternating between stimulus levels from the
two subsets did produce some effect, with an average dis
placement between corresponding functions in Figure 4
equal to 6.1 dB (6.0 dB comparing first sessions only),
or about 15% of the contextual shift in the stimulus levels.
Thus, a 500-Hz tone can "mismatch" itself in loudness,
the extent of mismatching (or, more properly, of change
in matching values) being about 6 dB under present con
ditions of stimulation and judgment.

Without any qualitative distinction between the two sets
of alternating stimuli-both sets comprised 500-Hz
tones-it seems unlikely that the subjects could have es
tablished independent frames of reference for them. More
likely, the 6-dBshift in self-matches represents the "pure"
effect of sequential biases in judgment; accordingly, by
separating out the different subsets, I have plotted
responses to stimuli as a function of the intensity levels
presented on the immediately previous trial.

In Figures 3 and 4, open squares and filled triangles
give results for low-SPL tones, but these immediately fol
lowed stimuli from the high-SPL set. Similarly, filled
squares and open triangles give results for high-SPL tones,
but these immediately followed stimuli from the low-SPL
set. Because the low-SPL tones immediately followed
stimuli from the high-SPL set, and vice versa, the fact
that shifts appear in the judgments, and hence in "self
matches," should not surprise, given the existence of se
quential biases in judgment. In fact, the 6-<iB shift is rela
tively modest in size, presumably because each plotted
point entails averaging responses to a given stimulus fol
lowing various SPLs from the other subset. Even greater
shifts are evident if one examines responses to a given
stimulus following every possible prior stimulus individu
ally, as Cross (1973), for instance, has done.

Marks et al. (1986), following the work of Ward
(1982), noted that sequential processes-in particular, the
assimilation of each response to the response made to the
prior stimulus-could account, in principle, for a sizable
portion (about 50%) of the bias they observed in cross-
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Figure 3. Geometric mean magnitude estimates of the loudness of 500-Hz tones, plotted against sound

pressure level (SPL). In the two conditioos, subsets of tones were treated as if, as in Figure 1, they
were qualitatively distinct: In Condition A (open symbols), stimulus presentations alternated between
one subset of low SPLs (triangles) and another of high SPLs (squares), and in Condition B (filled sym
bols), in fact identical to A, between one subset of high SPLs (triangles) and another of low SPLs (squares).
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Figure 4. The data of Figure 3, normalized as in Figure 2.
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modal matches. It may be tempting to conclude from the
present Experiments I and 2 that a similar sequential
response assimilation operated in the present study,
although accounting here for somewhat less than half of
the intramodal bias (6.1 vs. 17.7 dB). However, cross
modal and intramodal response assimilation need not be
equivalent; indeed, assimilationitselfcould even vary with
qualitative similarity-within as well as between
modalities-perhaps being greatest in cross-modal com
parisons, smaller in intramodal comparisons of qualita
tively different stimuli, and smallest in intramodal com
parisons of qualitatively identical stimuli. Thus, the results
of Experiment 2 imply that sequential processes may
but need not-account for part of the shift in matches be
tween tones of different frequency. In any case, the results
of Experiment 2 are consistent with the general notion that
context-induced bias is somehow related to qualitative
similarity .

EXPERIMENT 3

The results of Experiment 2 suggest that the procedure
of strictly alternating between subsets of the stimuli be
ing compared is one source, presumably through short
term sequential effects, of contextual bias. Alternation be
tween stimulus subsets may have played at least a minor
role in determining the results of Experiment I, which
compared 500-Hz and 2500-Hz tones. Experiment 3
sought to minimize, if not eliminate, this component by
totally randomizing stimulus presentations of 500-Hz and

2500-Hz tones so that every stimulus followed every
stimulus, including itself, the same number of times.
Although trial-to-trial sequential biases remain, randomi
zation in principle should eliminate any systematic effect
once data are averaged over the randomized trials. Thus,
in each condition (A and B) of the present experiment,
the average short-range sequential context was constant,
and was equivalent for all stimuli.

Method
Experiment 3 reverted to the stimulus frequencies and SPLs of

Experiment I. The only difference between Experiments I and 3
was in the construction of the stimulus orders: In each session of
Experiment 3, the subject judged all 16 stimuli a total of 16 times
each, with every stimulus following every other stimulus exactly
once. The judgment of the stimulus presented on the first trial was
not counted, since the first stimulus did not follow any other; in
stead, the first stimulus of each session was repeated at the ses
sion's end (trial number 257) to complete the balancing of first
order sequential effects. Again, 16 young men and women partici
pated; the stimulus order was different in each session for each
subject.

Results and Discussion
Figures 5 and 6 display the results for original and nor

malized data, respectively. Somewhat surprisingly to me,
the present results appear virtually identical to those of
Experiment I. The change in matching stimulus values
here is equal on average to 17.6 dB, or 43% of the shift
in stimulus context. (Note, though, that the change was
14.4 dB when first sessions only are compared, smaller

10°
IJ 500 Hz,. 2500 Hz

• 500 Hz
A 2500 Hz

10- 1

20 30 40 50 60 70 80 90 100

Decibels SPL
Figure 5. As in Figure 1, except that in each condition sequential effects were minimized by schedul

ing presentations within each session so that every stimulus foUowed every stimulus exactly once.
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Figure 6. The data of Figure 3, normalized as in Figure 2.

than the corresponding value of 19.8 dB from Experi
ment 1.) The quantitative similarity between the results
of Experiments 1 and 3 implies that first-order sequen
tial effects-for instance, assimilation of the current
response to the response on the previous trial-are secon
dary in importance, at least in intramodal comparisons
of loudness. Even with total randomization of stimulus
orders, and hence with neutralization of sequential biases,
loudness matches between different sound frequencies,
as derived from magnitude estimates, depend markedly
and systematically on the set of stimulus levels being
judged. Moreover, if it is appropriate to translate con
clusions drawn from the present, intramodal, findings to
the cross-modal case, then the results of Experiment 3 im
ply that Marks et al. 's (1986) suggestion-that sequen
tial effects may account for about 50% of the contextual
bias in cross-modal matches-is incorrect. The shifts in
matching values have another, larger, source.

EXPERIMENT 4

Although heterofrequency loudness matches derived
from magnitudeestimates clearly can be "biased" by con
text, we do not yet know, of course, when or how such
biases occur. This matter is both practical and theoreti
cal in import. I have suggested-admittedly without much
supporting data at this point-that bias occurs when the
stimuli being compared are qualitatively different (as are
tones of different frequency); by implication, I mean to
suggest that other kinds of dissimilaritymay not yield such
bias (or may yield much less bias). I suspect, for exam-

ple, much smaller biases would appear in loudness
matches between auditory stimuli that differ in spatial 10
cation rather than in frequency, but that similarly large
biases would appear in brightness matches between visual
stimuli that differ in wavelength and that are presented
under photopic conditions of viewing.

The success reported by J. C. Stevensand S. S. Stevens
(1963), by Hellman and Zwislocki (1964), and by others
lends support to the contention that magnitude estimates
do provide accurate sensory matches when stimuli differ
along dimensions other than quality. Stevens and Stevens
compared the brightness aroused by white-light stimula
tion of a dark-adapted eye and of a white light-adapted
eye; presumably, the various test stimuli varied greatly
in brightnessbut only slightly in color. Hellman and Zwis
locki compared the loudness of 100Q-Hz tones heard in
quiet and in background noise; again, the test stimuli
varied perceptually in intensity but not in quality. In both
cases, matches derived indirectly, from the magnitude
judgments, agreed with matches made directly.

It is conceivable, however, that in the aforementioned
studies, scaling produced "good" matches because the
levels and ranges of subjective magnitudes (the "contex
tual sets") were in rough accord; that is, in Stevens and
Stevens's study, the lights viewed by the dark-adapted eye
were about as bright as the lights viewed by the light
adapted eye, and in Hellman and Zwislocki's study, the
tones in quiet were about as loud as the tones in noise.
This explanation cannot account, however, for the find
ings of other studies. Both Raab (1962) and J. C. Stevens
and Hall (1966) assessed the perception of brightness of
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flashes of white light that varied in both duration and lu
minance. Because brightness depends equally on duration
and luminance over short durations (less than about
10 msec), in both studies the short-duration stimuli
produced relatively low levels of brightness (that is, the
levels of subjective magnitudes at different durations
differed substantially). Nevertheless, both studies revealed
a simple reciprocity between luminance and duration
(Bloch's law), just like that obtained by direct matching
(e.g., Aiba & S. S. Stevens, 1964; Brindley, 1960). In
sum, all of this evidence, albeit somewhat circumstan
tial, indicates that it is variation in qualitative similarity
per se that is most important to context-induced shifts in
sensory matches.

Experiment 4 provides a direct test. Using the method
of Experiment 3, which wholly randomized stimulus
orders and thus eliminated sequential effects as a source
of bias in matches, I examinedimplicitloudnessjudgments
of pure tones that appeared to be qualitatively identical,
but that differed in apparent spatial location.

Method
The stimuli were l-sec bursts of 500-Hz tones, with lO-msec rise

and decay, presented to either the left or the right ear. In Condi
tion A, the SPLs to the left ear were low (35-70 dB in 5-dB steps)
and the SPLs to the right ear were high (55-90 dB); in Condition B,
the stimulus levels were reversed (high to the right ear and low
to the left). As in Experiment 3, each of the 16 subjects judged all
16 stimuli of a given condition a total of 16 times each in the course
of the session (plus the first stimulus of the session repeated at the

end as trial 257); within the session, every stimulus followed ev
ery other stimulus once.

Results and Discussion
Original and normalized data appear in Figures 7 and

8, respectively. Although the data do reveal a small ef
fect of changing the sets of stimulus levels being judged
as Figure 7 indicates, in each condition the judgments of
low SPLs are a bit higher than the corresponding judg
ments of high SPLs-the contextual bias is much more
modest than that obtained in either Experiment 1 or Ex
periment 3. The shift in matching levels here equals only
5.95 dB; this value, given the 4O-dB change imposed on
the stimulus sets, corresponds to a contextual matching
bias of 14.9%. Clearly, the subjects found it relatively
much easier to maintain loudness matches in the face of
this nonqualitative difference between sensory
experiences-a difference in spatial location-than they
did in the face of a large qualitative difference.

It is possible, of course, that the magnitude of context
induced bias depends on some measure of overall psy
chological difference or dissimilarity, and that the differ
ence between left and right ears is simply smaller than
the difference between 500 Hz and 2500 Hz. But I sus
pect instead that the central factor is nonqualitativeversus
qualitative dissimilarity. By this token, I would expect
greater bias when the stimuli being compared differ in
quality than when they differ in some other way, even
if the differences in dissimilarity are equal. Therefore,

D 500 Hz (Left)
.6 500 Hz(Right}
• 500 Hz (Left)
A 500 Hz(Right}

102 'T'""------------------......,

30 40 50 60 70 80 90 100

Decibels SPL
Figure 7. Geometric mean magnitude estimates of loudness of 500-Hz tones presented to the left ear

(squares) or to the right ear (triangles), plotted against sound pressure level (SPL). In each condition
(A and B), every stimulus foDowed every stimulus exactly once. In Condition A, the SPLs to the left
ear were low and those to the right were high (open symbols); in Condition B, those to the left ear
were high and to the right, low (filled symbols).
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102 ......--------------------......
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A 500 Hz(Right)
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Figure 8. The data of Figure 7, normalized as in Figure 2.

the present results are consistent with the contention that
the data obtained from scaling experiments such as those
of Hellman and Zwislocki (1964), Raab (1962), J. C.
Stevens and Hall (1966), and J. C. Stevens and S. S.
Stevens (1963), which required subjects to judge stimuli
that varied on nonqualitative dimensions, yielded "good"
matches, in that the matching stimulus values are not
highly susceptible to "contextual bias."

EXPERIMENT 5

The results of Experiments 1-4 reveal the existence of
contextual biases that can markedly influence loudness
matches derived from numerical judgments given to
qualitatively different acoustic stimuli. In all of those ex
periments, in order to vary the context from condition to
condition, I shifted the SPLs at a given frequency up or
down by 20 dB. This maneuver produced a 20-dB in
crease or decrease in the average SPL and a correspond
ing 20-dB increase or decrease in the lowest and highest
SPLs of the stimulus set. But which factor determines the
contextual bias in matches? Or do both factors do so? Do
matches shift when the average stimulus (or perceptual)
magnitude changes? Or do they do so when the intensity
levels that constitute the top and bottom change?

Experiment 5 sought to help answer this question by
holding the stimulus levels constant over sessions, and
therefore leaving the lowest and highest SPLs unchanged,
but varying the proportion of times each stimulus level
was presented for judgment, and thereby varying the aver
age stimulus magnitude over conditions. The method of
varying the distribution of presentations has often been

used to study how context affects categorical judgments
(e.g., Parducci, 1965; Parducci & Perrett, 1971). The evi
dence from those studies-that subjects are sensitive to
the distribution of stimulus or sensory events over the
course of a session-suggests that variations in stimulus
distribution alone, like variations in absolute stimulus
levels, might also affect implicit loudness matches between
500-Hz and 2500-Hz tones.

Method
Unlike the previous experiments of this study, the SPLs in Ex

periment 5 remained constant across the two conditions; in both
conditions, there were nine SPLs at 500 Hz (45-85 dB in 5-dBsteps)
and nine SPLs at 2500 Hz (40-80 dB in 5-dB steps). However, the
distributions of stimulus presentations differed across conditions.
In Condition A, most of the presentations at 500 Hz were at the
low SPLs; the nine SPLs were presented according to the frequency
distribution 10,4,3,2,2, I, I, I, and I, from low to high. Most
of the presentations at 2500 Hz were high; the nine SPLs were
presented according to the reverse distribution. Given these distri
butions, the weighted mean SPL at 500 Hz was 55 dB, and that
at 2500 Hz was 70 dB. In Condition B, the frequency distributions
were switched, so most of the presentations at 500 Hz were now
high, with a mean SPL of 75 dB, and most of those at 2500 Hz
were now low, with a mean SPL of 50 dB. Note that at each sound
frequency, the mean SPL shifted by 20 dB across conditions, just
as each did in previous experiments. But the present 20-dB shifts
across conditions were implemented without changing the SPLs
themselves.

A single replicate consisted of 50 trials (the 25 presentations at
each sound frequency for the condition) with the stimuli given in
random order. Four replicates constituted a given session for each
of the 16 subjects, half of whom participated first in Condition A
and subsequently in Condition B. The sequence was reversed for
the remaining subjects.
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Results and Discussion
The average magnitude estimates are plotted in

Figure 9; Figure 10 plots the data normalized so that the
functions at 500 Hz overlap. It is clear that manipulating
the distribution of stimulus presentations had a marked
differential influence on the judgments given to the two
sound frequencies, and hence on the implied loudness
matches. The shift between conditions amounts to
11.3 dB, a substantial amount, although only about two
thirds the magnitude of the shift observed in Experi
ment 3, in which I manipulated the intensity levels them
selves. Clearly what matters to sensory equivalence is not

only the intensities that define the endpoints of the distri
butions, but also the distributions themselves and perhaps
some measure of an average value.

Parducci has studied how the distribution of stimuli af
fects categorical judgments, and he has developed a range
frequency model (Parducci, 1965; Parducci & Perrett,
1971) to account for subjects' tendency to assign a con
stant number of stimulus presentations to each response
category. In elaborating this model, Parducci, Knobel,
and Thomas (1976) suggested that the psychological end
point moves farther out when stimuli from that end of the
range are presented more often; thus it may be that skew-

100 -:r-----------------,

10

1
-a- 500 Hz low
-6- 2500 Hz high
.. 500 Hz high
.... 2500 Hz low

40 50 60 70
Decibels SPL

80 90

Figure 9. Geometric mean magnitude estimates of the loudness of 500-Hz tones
(squares) and 2500-Hz tones (triangles), plotted against sound pressure level
(SPL). In Condition A, most of the intensity levels presented at 500 Hz were
low, and most of those presented at 2500 Hz were high (open symbols); in Con
dition B, most of the intensity levels presented at 500 Hz were high, and most
of those presented at 2500 Hz were low (rilled symbols).

100 -:r-----------------,

-a- 500 Hz low
-6- 2500 Hz high
.. 500 Hz high
.... 2500 Hz low
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Figure 10. The data of Figure 9, nonnalized as in Figure 2.
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ing the stimulus distribution does function psychologically
much like shifting stimulus levels themselves.

Although much of Parducci's work has focused on judg
ments of single stimulus sets, he has also asked how well
subjects can maintain independent contexts when judg
ing two sets (Parducci et al., 1976). Subjects were in
structed to rate the sizes of squares and circles presented
on alternate trials within the same session. In different
conditions, the distributions of the circle sizes and of the
square sizes varied. In every condition, all of the circles
were larger than all of the squares; but the subjects were
instructed to judge each set independently, that is, to use
the category range from "very very small" to "very very
large" separately for each set. Such instructions in es
sence imply that subjects need not be concerned with
matches between stimuli of different shapes. Three results
are noteworthy. (1) The distribution of stimulus values
in any set-circles or squares-affected the ratings given
to that set, but had no effect on the ratings given to the
other set. That is, the changes in context (i.e., in stimu
lus distribution) exerted independent effects.
(2) However, the ratings given to the circles (all physi
cally larger than the largest square) were somewhat higher
than those given to squares, although there was consider
able overlap in response range. That is, the judgments
made to circles and to squares were partially linked,
presumably because of the absolute stimulus levels. So
although changes in the two stimulus distributions
produced independent effects, thedifferent absolute stimu
lus magnitudes in the two sets did interact. (3) Perhaps
most directly relevant to the present study was the find
ing obtained in a control condition. When the subjects
were instructed to judge the circles and squares on a sin
gle scale, changes in stimulus distributions did have an
effect. From the perspective of size matches, the match
ing values between the two sets of stimuli were com
promised by changes in the stimulusdistributions. In sum,
these findings suggest that the absolute perceptual mag
nitudes matter even when subjects try to ignore them and
apply contexts independently, and that contexts matter
even when subjects try to ignore them and judge percep
tual magnitudes dependently.

In an unpublished study, Riskey and Desor (1980) ob
served similar interactions in category judgments of taste
intensity of sucrose and sodium chloride; their results im
ply a shift in matching values of taste intensity with
changes in stimulus distribution, much like those of the
present experiment. Both the results of Parducci et al.
(1976) and those of Riskey and Desor support the view
that matches can shift when there is qualitative dissimilar
ity. More recently, Vollmecke (1987) found that when
subjects judged the sweetness of varying concentrations
of sucrose in beverages containing different flavorings
(apricot and papaya), the subjects did succeed in evaluat
ing all of the sensations on a uniform scale. Just as Ex
periment 4 showed interaural matches of quantitatively
identical tones to be largely independent of context,
Vollmecke showed that changing context (distribution) of

sucrose concentrations in different flavorings did not af
fect sweetness matches (although context did affect
pleasantness matches, as Riskey and Desor also found).
So for judgments of intensity, at least, the factor crucial
to whether matches are reasonably invariant may be the
identity or nonidentity of the quality whose intensity is
judged.

GENERAL DISCUSSION

These results are intriguing and, despite the modulat
ing effect of the last experiment, profoundly disturbing.
Not only can contextual biases affect scaling behavior
(e.g., Gamer, 1954; Helson, 1964)and cross-modal com
parisons (Marks et al., 1986; Melamed, 1970; K. Smith
& Hardy, 1961), but context can strongly disrupt matches
within a modality. Thus, these results have both practi
cal and theoretical consequences.

First, a practical one: The present fmdings suggest that
in using scaling methods to evaluate sensory processes,
and in particular to generate intensity matches, care should
be taken in choosing stimulus levels. Ideally, to ensure
that derived intensity matches are accurate, the levels and
the distributions of sensory magnitudes should be the same
for all qualitatively different stimuli being judged. This
conclusion rests on two tacit assumptions. First, I assume
that the changes in matching values observed with shifts
in stimulus context do involve some kind of "assimila
tion" of judgments (even if the assimilation is not simply
the result of sequential processes in judgment). Second,
and consequently, I assume that assimilation is negligi
ble when the levels or perhaps the means of the sensory
values on the two sets of stimuli being compared are iden
tical. Of course, equalizing sensations entails knowing be
fore the experiment is undertaken precisely what it is that
the experiment aims at identifying-namely, the match
ing sensory values. Preliminary experimentation can often
provide at least a rough approximation. A more thorough
and systematic approach is to iterate experiments (a proce
dure that, for related purposes, has been recommended
to eliminate biases in rating scales: see Pollack, 1965;
S. S. Stevens & Galanter, 1957); because the contextu
ally based shifts are only partial, successive experimen
tal approximations can yield increasingly precise match
ing values.

The practical consequences also speak to the question
of scaling method. All of the experiments reported here
used magnitude estimation, largely because magnitude es
timation appears to be the method most often employed
when investigators use scaling methods to assess sensory
functioning. Other scaling methods-for instance,
category or graphic rating-doubtless will show similar
degrees of contextual bias, as results of Parducci et al.
(1976) and Riskey and Desor (1980) indicate. Moreover,
in cross-modal comparison of loudness and taste inten
sity, graphic rating and magnitude estimation revealed
similarly large changes in sensory matches under the
challenge of shifting context (Marks et al., 1988).
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Log Stimulus

An overarching theoretical issue is: What is the source
of the contextual bias? It seems not to depend to any great
extent on sequential processes, although these may play
a minor role. To describe the contextual bias in terms of
changes in "adaptation level" is not helpful until we can
identify the factors that control such changes. Although
we don't yet know enough about the sources of contex
tual bias to construct a detailed, formal model, we can
take some preliminary steps.

(I)R = T(log I; log n,
where R is the log response after centering, and where
the centering transformation T operates on the perceived
intensity of the stimulus (log I) and on some measure of
average perceived intensity (log I). As represented in the
upper portion of Figure II, centering acts on perceived
intensities, given by the dashed lines, to produce
responses, given by the solid lines; because the degree
of centering depends only on the level of perceived in
tensity (the value on the y-axis), matching values are un
affected. All three models depicted in Figure II assume
T to be a power transformation in which

intensity is represented as a power function of stimulus
intensity.

In its simplest version, centering or regression would
apply equally to all qualitatively different stimuli, its mag
nitude being dependent solely on overall mean perceived
intensity. A general equation for Model I states that

R = log 1 + c (log 1 - log I). (2)

Model I is essentially the one that underlies the princi
ple of "matching-by-scaling" (e.g., Marks, 1974). As
we have seen, the present data strongly reject the ade
quacy of this model when applied to loudness judgments
made to tones of different frequencies, although it may
apply better to judgments made to sensations that do not
differ qualitatively.

A more complex version of the model assumes that cen
tering applies separately to each qualitatively distinct sub
set of stimuli (middle part of Figure II). Therefore, as
the judgments given to a low-intensity subset of stimuli
of quality a undergo their centering, those given to a high
intensity subset of stimuli of another quality b undergo
theirs. When, by experimental manipulation, the subsets
change differentially, the net result, according to Model 2
and as shown in the middle section of Figure II, is a shift
in matching stimulus values in the predicted direction. For
example, a small log stimulus difference separates the low
intensity subset of a and the high-intensity subset of b,
but a considerably larger stimulus difference separates the
high subset of a from the low subset of b.

Three detailed considerations of this model indicate,
however, that it too is inadequate to account for the present
results. First, Model 2 implies that the size of the shift
in matching values is directly related to the value of the
centering parameter c in Equation 2, which in tum directly
affects the log-log slope of the psychophysical function.
By linking the slope of the function to the degree of bias,
the model would lead us to expect similar degrees of
matching bias in Experiments I, 3, and 4, given the simi
lar experimental manipulations. Moreover, given that the
contextually based shifts run about 15-40%, we would
have to assume that the underlying psychophysical rela
tions between loudness and sound pressure "precenter
ing" are about 30-80% greater in slope (power-function
exponent) than those obtained. This does not seem
reasonable. Finally, although the heterofrequency matches

3

Figure 11. Three models based on processes of "centering," which
transform underlying perceived magnitudes (dashed lines) into nu
merical responses (solid lines). In Model I (top), the degree of cen
tering of qualitatively different stimuli, a and b, is independent of
quality and depends solely on underlying perceived magnitude; the
matching values between a and b do not change. In Model 2 (mid
dle), each subset of intensities of each quality undergoes its own cen
tering; matches between stimuli from the low-intensity subset of a
and tbe high-intensity subset of b differ from matches betweenstimuli
from the high-intensity subset of a and the low-intensity subset of
b. In Model 3 (bottom), responses to the subset of each quality are
assimilated to the levels of the other quality; again, matches shift
across contextual conditions.

Models of Matching "Bias"
One simple set of descriptive models builds on the well

known phenomenon variously called the "central tendency
of judgment" (Hollingworth, 1916) or "regression"
(S. S. Stevens, I975)-the tendency for people to moder
ate extreme judgments or restrict the range of responses.
Figure II depicts three increasingly more complex ap
plications of centering or regression to judgments of a se
ries of intensity levels of two stimuli that vary in perceived
quality as well as in perceived intensity. For convenience
(although this is not necessary to the argument), perceived



524 MARKS

do change in the predicted direction, the psychophysical
functions do not. The dashed-line (precentering) functions
in Figure 11 were generated on the assumption that the
subjective levels of the two stimuli were about equal (as,
presumably, was roughly the case in all of the experi
ments). Given equal subjective levels, centering should
result, according to Model 2, in the high-intensity subset
of each stimulus perching above the corresponding low
intensity subset. But the data (e.g., Figures 1 and 5) show
just the reverse: The low-intensity subsets perch above
the high-intensity subsets.

Model 3, depicted in the lower portion of Figure 11,
makes predictions that correspond more closely to this
outcome. According to this model (which, though an as
similation model, perhaps technically should not be con
sidered a centering model), the judgments made to each
qualitatively distinct subset of stimuli are shifted in the
direction of the average perceived magnitude of the other
qualitative subset. Hence, the responses to low-intensity
levels of quality a shift toward high ones of quality b,
and high levels toward low ones. Model 3 is described
by the equations

R. = log f. + C.b (log L; - log f.), (3)

R, = log f b + ci: (log f. - log f b ) , (4)

where the values of C.b and cs; represent the magnitude
of the shift in judgment, and may reflect the degree of
qualitative similarity. Centering tendencies correspond
ing to Modell may also take place, but these are not ob
served directly in terms of changes in sensory matches.
Be this as it may, Model 3 gives a qualitatively adequate
account of the findings.

Encoding Sensory Intensity
Although it is feasible to derive a descriptive, quantita

tive model to describe the way loudness judgments change
with changes in subsets of stimulus levels, a deeper theo
retical issue concerns the way loudness is encoded. Two
not necessarily incompatible interpretations come to mind.
One states that, to use Gamer's (1974) terminology, loud
ness is not wholly separable from other perceived attri
butes and dimensions, especially pitch. Wood (1975)
found interactions between loudness and pitch when meas
uring response speed and accuracy in an identification
task. Perhaps there is a continuum of integrality-separa
bility vis-a-vis loudness and other attributes (cf. L. B.
Smith & Kilroy, 1979); if so, then if I were to use the
magnitude of the shift in loudness matches as a measure
of separability, I would expect to find the degree of separa
bility to vary systematically, but inversely, with the degree
of qualitative dissimilarity (e.g., with difference in fre
quency of pure tone, with tone vs. noise, andso on) and,
perhaps to a smaller extent, with other types of dissimilar
ity (e.g., with apparent spatial location, duration). The
present results imply that the dissimilarity between tones
presented to different ears is not so great as the dissimilar
ity between 500-Hz and 2500-Hz tones.

At this point, it is important to be careful in using the
term "separable." It is not clear, for instance, how the
present characterization of "separability" would compare
to that derived from more traditional measures, such as
independence of response speed in sorting tasks, although
Wood's (1975) results suggest that the two characteriza
tions may be related. Moreover, we may inquire whether
analogous results would obtain if the variables in the scal
ing experiment were reversed-that is, if subjects judged
the pitch of tones varying in frequency when the tones
were presented at two levels of loudness and the subsets
of frequencies were varied over conditions. Here, I sus
pect that changing context would exert a relatively small
effect. If this is so, then we might be forced to conclude
that separability of loudness and pitch is asymmetrical.
Gamer (e.g., 1974) has discussed instances of asymmetri
cal interactions between dimensions.

Another conceptual scheme, which is wholly consis
tent with the aforementioned notion of "separability,"
centers on a notion of "channels." According to this
scheme, a single sound-even a pure tone-generates a
loudness that is encoded as values on a set of overlap
ping (broadly tuned) channels; the channels do not vary
greatly with changes in such nonqualitative parameters
as duration or spatiality, but are characterized largely in
terms of some function of sound frequency. Perhaps the
unit is the critical bandwidth. One analogue appears in
the notion of "specific loudness"-the theoretical con
tribution to loudness made by each critical band, accord
ing to the model of Zwicker and Scharf (1965). Another
analogue appears at a neurophysiological level, in which
a tone of fixed frequency and SPL may primarily stimu
late neural units whose characteristic frequency lies close
to the frequency of the test tone, although it will also
stimulate units that have neighboring characteristic fre
quencies (Kiang, Watanabe, Thomas, & Clark, 1965).
Comparisons of loudness between different stimuli are
most precise when the stimuli arouse the same distribu
tion of activity in the frequency channels (Brindley, 1960,
Class A)-for instance, when the stimuli comprise pure
tones with identical sound frequency (e.g., Robinson &
Dadson, 1956; see Lim, Rabinowitz, Braida, & Durlach,
1977, for a model ofheterofrequency loudness compari
son that employs a parameter to account for dissimilarity
based on frequency difference).

When different stimuli arouse the same distribution of
activity in the channels, not only are direct matches most
precise, but indirect matches derived from scaling
judgments-tasks requiring greater resources of
memory-are most absolute. Furthermore, I assume that
in the absence of any overlap in channels, matches de
rived indirectly would be maximally relative. The degree
of "absoluteness" should correspond to the degree of
overlap. The results of the present Experiments 1 and 3
imply that frequency separations of several critical band
widths (500 Hz and 2500 Hz are separated by about 8-9
critical bandwidths) still permit about 50-60% commu
nality among channels. Moreover, the results of Marks
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et al. (1986) and Marks et al. (1988) on cross-modal judg
ments of intensity suggest that a similar value-about 50%
communality-characterizes comparisons between loud
ness and brightness, between loudness and vibration, and
between loudness and taste. From the present point of
view, then, different modalities function much like widely
separated sound frequencies. Still lacking are both a
thorough assessment of how contextual shifts in matches
depend on qualitative and other kinds of similarity in var
ious sense departments, and a clear linkage between a
qualitative hypothesis, such as the characterization of
channels just outlined, and a quantitative model.
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