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Mixed-method mixed-modality
psychophysical scaling

LAWRENCE M. WARD
University of British Columbia, Vancouver, British Columbia

Four experiments are reported in which the direct psychophysical scaling methods of magni
tude estimation, category judgment, and cross-modality matehing were mixed in the same series
of trials, both with a single stimulus modality and in a mixed-modality situation. The mixed
method scaling situation gave results consistent with those obtained when methods are used alone,
and it has several advantages. Interactions between the methods were consistent with the idea
that judgments made under all three are mediated by a primitive process of categorization that
is influenced by heuristics used to achieve a single category identity for each stimulus.
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In the roughly BO-year history ofpsychophysics, many
ingenious techniques have been invented with which the
magnitude of sensory experience has been assessed.
Ideally, the results found with all of these techniques
should converge on reliable and valid scales for the mea
surement of the magnitude of sensory experience in vari
ous sensory modalities. Unfortunately, however, such
convergence has not been the case, and controversy con
tinues as to which scales are valid, and even as to what
the validity criteria should be. Thus, further insight into
the properties ofpsychophysical scaling methods is needed.

The present paper focuses on three methods that are
usually considered to be "direct" scaling methods: mag
nitude estimation, category judgment, and cross-modality
matching. All three are commonly used, and separately,
they have given rise to many useful measurements of sen
sory experience. Also, they do generate a reasonable
degree of scale convergence (see, e.g., Krueger, 1989;
S. S. Stevens, 1975). Yet these methods are not fully
understood qua judgment processes. That is, why con
vergence is or is not obtained is not predictable from a
validated general model of psychophysical scaling judg
ment, although several have been proposed (e.g., those
of Lockhead & King, 1983; Luce, Baird, Green, & Smith,
1980; Marley & Cook, 1986; Treisman & Williams,
1984; Ward, 1979). The usual approach to studying these
methods involves having observers make judgments of
sensory magnitude of stimuli from a single modality, using
one particular method. Several such studies done with
different modalities of stimuli and/or different judgment
methods are then compared and general conclusions sought
(see, e.g., Ward, 1987). A fruitful alternative has been
the mixed-modality scaling approach (Ward, 1982, 1985,
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1986), which was introduced by J. C. Stevens and Marks'
(1980) work in magnitude matehing and anticipated by
earlier work in cross-continuum anchoring (e.g., Aftanas
& Rule, 1968). In this approach, stimuli from different
modalities are presented in various sequences for judg
ment by the same method, resulting in indirect cross
modality matehing functions generated by magnitude es
timations, category judgments, and cross-modality matches
of "difficult" stimulus continua to an "easier" response
continuum. The data from such experiments also bear on
theories of psychophysical judgment. For example, I have
established that in this context, contrastive dependencies
of current responses on previous stimuli are usually con
fined to previous stimuli of the same modality, whereas
assimilative effects of previous responses do not depend
on the modality ofthe stimulus to which they were made.
This finding effectively rules out theories in which both
types of sequential effects arise from the same mechanism.

The present paper extends the "mixing" approach to
judgment methods as wen as stimulus modalities. Thus,
Ireport here the results of four experiments in which ob
servers made judgments of sensory magnitude according
to two different methods interspersed in the same sequence
of judgment trials. In the first two experiments, only
methods were mixed. Observers judged either the bright
ness of lights or the loudness of sounds, using an alter
nating sequence of judgment methods. In Experiment 1,
magnitude estimations alternated with cross-modality
matches (using a duration response; see Ward, 1986), as
in the sequence

ME. CMM. ME2 CMM2 ME) CMM), ... ,

whereas in Experiment 2, category judgments altemated
with cross-modality matches, as in the sequence

CJ. CMM. CJ 2 CMM2 CJ) CMM), ...

No experiments were done in which magnitude estima
tions and category judgments were mixed, since both re
quire a numerical response and it was thought that less
useful information would result from a mixture of such
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similar methods. However, both of those methods have
been considered to be quite different from cross-modality
matehing (e.g., S. S. Stevens, 1975), even though simi
lar sequential dependencies and long-term memory effects
have been found in all three (Ward, 1987). Thus there
is reason to believe that responses on these methods would
interact in an interesting way, although the differences
in response modality (numbers versus, in this case, dura
tions) and the different instructions given observers make
it difficult to make quantitative predictions about these
interactions without making several arbitrary assurnptions.

However, one set of semiquantitative predictions can
be made from the fuzzy judgment theory of psychophysi
cal judgment (Ward, 1979). Briefly, this theory proposes
that for each stimulus presented to an observer in a judg
ment task, an internal representation will be formed on
the basis of the activity of the sensory system that has
transduced the stimulus. The internal representation is as
sumed to be a fuzzy subset (Zadeh, 1965) of the set of
possible sensation levels, and to have an excitatory center
inhibitory surround organization that results in mutual
repulsion (contrast) of internal representations on current
and previous trials (cf. Levine & Grossberg, 1976). The
internal representation (after repulsion) is then cross
correlated with each of the prototypes (also fuzzy sub
sets) of categories stored in long-term memory and rank
ordered with respect to their central tendencies. This (per
ceptual) process often gives rise to more than one candi
date category (satisfactory match). The resulting uncer
tainty is resolved by a heuristic process that chooses the
category nearest to that used previously. This causes as
similation of the current category to the previous category ,
and this is passed on to the response stage through map
ping of the chosen stimulus category to an equivalent
category on the response continuum, followed by choice
of a response whose magnitude sufficiently matches the
prototype of that response category.

In the fuzzy judgment approach, the process of categori
zation is assumed to be central to all of the so-called
"direct' judgment methods. Differences between methods
arise from constraints placed by the experimenter on the
way responses are generated, in terms of both the frame
of reference and the specific response set aBowed (Marks,
Szczesuil, & Ohlott, 1986; Ward, 1987). Dependencies
of current responses on previous responses arise from
heuristics used in the categorization process to choose a
single category from an "indifference set" of plausible
candidates. Thus, mixtures of two methods should give
rise to dependencies of responses in one method on those
of the other method, regardless of differences in the
response output processes, since the dependencies arise
from a process common to both judgment methods. The
relative magnitudes ofthese effects, as measured by linear
regression (see later) should depend on the particular
stimulus and response sets in use. Other approaches that
emphasize differences in the fundamental processes
through which responses are arrived at in the several judg
ment methods would predict no such effects. Dependen-

cies of current responses on previous stimuli should also
be independent of judgment method, since in the theory
they arise from contrastive sensory processes that are the
same in all methods; consistent with previous results, such
effects should be contrastive and should be much larger
when the previous stimulus is from the same modality than
when it is from a different modality.

Experiments 3 and 4 combine the mixed-method ap
proach introduced in Experiments 1 and 2 with the mixed
modality approach studied earlier. In these experiments,
stimulus modality was alternated by pairs (e.g., two suc
cessivejudgments of sounds, S, followed by two successive
judgments oflights, L, etc.) while judgment methods alter
nated strictly, giving rise in Experiment 3 to the sequence

ME-SI CMM-S2 ME-LI CMM-L2 ME-S3 CMM-S4

ME-L3 CMM-L4 , ••• ,

and in Experiment 4 to the sequence

CJ-SI CMM-S2 Cl-LI CMM-L2 CI-S3 CMM-S4 CI-L3

CMM-L4 , •••

In these experiments, it was possible to study the effects
of both method and modality on sequential dependencies
ofthe current response on previous stimuli and responses.

These experiments may be seen as valuable beyond the
light they may throw on theories of psychophysical judg
ment. For example, in c1inical and laboratory tests, several
different methods of psychophysical judgment are often
used successively (although not in the close proximity used
here). If experimenters hold the view that very different
methods do not interact, the contamination of results by
unexpected interactions could go unobserved. Also, is
sues concerning the equivalence of response modalities,
or the comparability of scaling methods (cf. Krueger,
1989) are addressed directly by such studies. It is even
possible to compare indirectly derived scales, as, for ex
ample, those of duration in the present experiments, with
those obtained directly, in order to check for scale con
vergence that would validate both approaches.

METHOD

Experiment 1: ME and CMM
Observers. Four observers with normal or corrected-to-normal

vision judged lights, and 4 observers with no known hearing defects
judged sounds. All observers were paid for participating. Seven
were males and 1 was fernale. All were undergraduates at the
University ofBritish Columbia with no previous experience in ex
periments of this sort.

Apparatus. The apparatus used was identical to that described
by Ward (1982). Briefly, in the present experiment a (pseudo) ran
dorn sequence of sounds or lights, varying in intensity, was presented
for either magnitude estirnationor cross-modality matchingjudgment.
The light stimuli consisted of a 1.5 0 dot of approximately uniform
lurninance at eye level for the observer, who sat in a model 250A
IAC sound-attenuating charnber. The 10 light intensities used ranged
from 0.328 cd/m? to 168.0 cd/rn" in 3-dB steps. Adjacent lurninances
were separated by 0.3 log units (3 dB). The 10 sound stimuli con
sisted of l000-Hz tones, delivered diotically through stereo head
phones, and ranging from 0.063 dynes/cm? to 11.25 dynes/cm- in
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RESULTS AND DISCUSSION
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sity of British Columbia, and none had any previous experience
in experiments of this sort.

Apparatus. The apparatus and stimuli were identical to those
used in Experiment 1.

Procedure. The procedure was identical to that in Experiment 3,
except that category judgments were substituted for magnitude
estimations.

Response Matching Functions
In Experiments land 2, observers judged the magni

tudes of the same set of sounds or lights, using either of
two different methods alternately. Therefore, it is possi
ble to plot the average response given to a certain stimu
lus in one method against that given the same stimulus
in the other method. Such plots are shown in Figure I
for Experiments land 2 for the data averaged across ob
servers. These response matehing functions display the
relationship between the response continua (number for
magnitudeestimation and category judgment, duration for
cross-modality matching) used in the various methods
when applied to the same stimuli by the same observers.

SOund:CJ - 2.18 CMM - 0.074
" - 0.880
Llg/It CJ • 1.03 CMM + 0.724
r -0.•

f I
gm..n CMM (.ac)

Figure 1. Response matching functions for Experiment 1 (mag
nitude estimation and cross-modaUty matching) and Experiment 2
(category judgment and cross-modality matching).

Experiment 3: ME and CMM and Mixed Modalities
Observers. Eight different observers with normal or corrected

to-normal vision and no known hearing defects judged lights and
sounds. All observers were paid for participation. Three were fe
males and 5 were males. All were undergraduates at the Univer
sity of British Columbia, and none had any previous experience
in experiments of this sort.

Apparatus. The apparatus and stimuli were identical to those
used in Experiment 1.

Procedure. The procedure was identical to that in Experiment I,
except that stimulus modality altemated by pairs as described in
the introduction. Thus, in Experiment 3, observers made a magni
tude estimation of asound (ME-S,), followed by a cross-modality
match of a duration to asound (CMM-S,), followed by a magni
tude estimation of a light (ME-L,), followed by a cross-modality
match of a duration to a light (CMM-L,), andrepeated this sequence
75 times per 300-trial run. Stimulus intensities were selected
(pseudo) randornly, as before.

5-dB steps. Adjacent arnplitudes were separated by 0.25 log units
(5 dB). Each stimulus was presented for I sec. A DEC PDP-11/34A
computer controlled the stimulus presentation and recorded the
responses, which were made on a standard computer keyboard il
luminated by a dirn red light.

Procedure. All observers made a 200-trial practice run and four
300-trial data runs, for a total of 1,200 data trials-approximately
600 per judgment method and about 60 per intensity level within
each method. Stimulus intensities varied (pseudo) randornly, and
methods of judgment altemated strietJy, as described in the introduc
tion. The type of judgment (ME or CMM) to be made was indi
cated on each trial by illumination of one of two appropriately la
beled LEDs. Magnitude estirnation instructions were standard, with
a modulus of 100 assigned to the 5.25D-cd/m' or the 0.632-dyne/cm'
stimulus as appropriate. For cross-modality matching, observers
indicated a duration by pressing a particular key twice, with the
presses separated by the desired duration response. This is a sim
ple and reliable way to generate such responses (see Ward, 1986).
Observers were dark-adapted for about 2 min before judging the
light stimuli. However, since intertrial intervals seldom exceeded
10 sec, complete dark adaptation probably did not occur following
the most intense light stimuli.

Experiment 2: CJ and CMM
Observers. Three different observers with normal or corrected

to-normal vision judged lights, and 5 different observers with no
known hearing defects judged sounds. All observers were paid for
participation. Three were females and 5 were males. All were under
graduates at the University of British Columbia, and none had any
previous experience in experiments of this sort.

Apparatus. The apparatus and stimuli were identical to those
used in Experiment 1.

Procedure. The procedure was identical to that in Experiment I,
except that the observers were given category judgment instruc
tions instead of magnitude estimation instructions. Before each run,
the observers were presented with the least and most intense stimuli
and asked to divide the intervening intensity range into 10 equal
categories, labeled 1 to 10. They were to assign the least intense
to Category I, the most intense to Category 10, and the other in
tensities to Categories 1-10 as appropriate. Cross-modality matehing
responses (durations) were generated as in Experiment 1. Thus,
in this experiment, category judgments altemated with cross
modality matches of duration to sound or light intensity.

Experiment 4: CJ and CMM and Mixed Modalities
Observers. Six different observers with normal or corrected-to

normal vision and no known hearing defects judged lights and
sounds. All observers were paid for participation. Four were fe- .
males and 2 were males. All were undergraduates at the Univer-
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Figure 2. Response matehing functions for Experiment 3 (mag
nitude estimation and cross-modality matching) and Experiment 4
(category judgment and cross-modality matching).

ment 1. The functions from Experiment 4, although rea
sonably linear in untransformed coordinates, have slopes
of 1.72 and 1.80 for sound and light, respectively, in
dicating that category number and duration responses (in
seconds) were not equivalent; in particular, category num
ber was not simply an estimate of duration nor was dura
tion simply a translation of category number into seconds.

When the same observers generate responses in the
same series of trials to both light and sound stimuli, the
resulting response matehing functions are highly similar
(Figure 2), whereas when different groups of observers
generate responses to the two different modalities, the
functions can be quite different (Figure 1). One explana
tion for this difference is that judging both modalities with
both methods in the same session causes observers to at
tempt to use responses more consistently across modali
ties. Observers in Experiments land 2, who judged either
light or sound stimuli but not both, could have made
responses more idiosyncratically, since there was no re
quirement to be consistent with the group of observers
judging the "other" modality. This can be seen most
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For the data of Experiment I, mean log magnitude esti
mations are plotted against mean log cross-modality
matehing durations, since the relationships in the untrans
formed plots were highly curved. Geometrie means are
displayed for the data of Experiment 2 because of skew
ness; plots of arithmetic average responses are highly
similar. (It should be noted that standard psychophysical
functions for all data from the present experiments closely
resemble those found when each method is used alone
cf. Ward, 1987-and are not reproduced here in order
to conserve space.)

There are several noteworthy aspects to the data dis
played in Figure 1. First, it is clear that there is a sim
ple, though not consistent, relationship between the vari
ous response continua. This relationship varies with
stimulus modality, although it must be kept in mind that
different groups of observers generated each of the four
matehing functions shown. The functions for sound and
light stimuli in Experiment 1 are reasonably approximated
by power functions with exponents of about 1.3, some
what larger than the value of approximately 1.0 usually
obtained in direct matehing of number to duration over
the range of durations used by these observers .1 The
matehing functions for Experiment 2 present a somewhat
different picture. There the functions are approximately
linear in untransformed plots, but the slopes and inter
cepts of the linear functions differ greatly. Again, since
different groups of observers generated the two plots, it
is possible that the differences in number and duration
use between the groups arose incidentallyrather than from
a consequence of differences in method (re Experiment I
functions) or stimulus modality. The discussion of the
response matehing functions from Experiments 3 and 4
lends more credibility to the idea that the differences ob
served here were caused by some unknown aspects of the
experiments and/or the observer groups. However, this
does not alter the conclusion that numbers generated as
responses in the mixed-method context do not have the
same relation to durations generated as responses to the
same stimuli as they do when the numbers are supposed
to directly reflect the experienced magnitude of a dura
tion stimulus.

Figure 2 displays the response matehing functions for
the data of Experiments 3 and 4. These are generated from
the trials on which the different methods were used to
judge the rnagnitudes of stimulus intensities from the same
modality (e.g., ME-SI and CMM-S2) . Here the match
ing functions have the same simple character as do those
in Figure 1, but they are much more sirnilar within each
panel. Here also, the relationship between number judg
ments and durations used as cross-modality matehing
responses is different from that obtained when numbers
are used to judge durations directly. The slopes of the
functions from Experiment 3 (1.82 and 1.57 for sound
and light, respectively), which represent exponents of sim
ple power functions, are larger than the exponent usually
obtained from direct magnitude estimations of durations,
and they are also larger than those obtained in Experi-
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to derive sound-intensity-Iight-intensity matehing func
tions from the data of those experiments. However, the
observers in Experiments 3 and 4 judged both sound and
light intensities in the same series of trials and made judg
ments of each type of stimulus, using the same judgment
method. In addition, they appear to have used their
responses similarly for each modality (Figure 2). There
fore, it is feasible to construct indirect cross-modality
matehing functions for these data, using the procedure of
J. C. Stevens and Marks (1980, Appendix 2). In this
procedure, adjacent pairs of stimulus intensities (in
decibels) and log geometric mean responses are each aver
aged to produce smoother psychophysical functions. Then
linear interpolation is used to determine for each of the
(averaged adjacent) intensities on one modality which in
tensity on the other modality would have been given the
same response. This procedure is then repeated for the
"other" modality with respect to the first. The resulting
sets of derived "matches" make up the indirect cross
modality matehing functions.

Figures 3 and 4 show the indirect cross-modality match
ing functions obtained in this way from the data of Ex
periments 3 and 4, respectively. Each function is derived
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Indirect Cross-Modality Matching Functions
The observers in Experiments 1 and 2 judged only

stimulus intensities on a single modality. Furthermore,
the various groups ofobservers did not use their responses
in the same way (see above). Therefore, it is not feasible

c1early in Figure 1 for the Experiment 2 data. The aver
age response range for the category judgment method was
about the same for both sound and light, but the range
of durations used by the observers who judged sounds was
about 0.4-4 sec, whereas that used by the observers who
judged lights was about 1-8.5 sec. Why the two groups
of observers chose to use different ranges of durations
is unc1ear; that they chose to do so is reflected in the slope
difference in the response matehing functions. Similarly,
observers who judged lights in Experiment I used about
the same (log) ranges of numbers and durations as those
who judged sounds, but the numbers they used were
almost 0.5 log units higher on the average. Again, it is
unc1earwhy the different groups of observers chose differ
ent magnitudes of numbers; that they did is reflected in
the intercept differences in the response matehing func
tions. Clearly, the response matehing functions shown in
Figure 2 are to be preferred.

MAGNITUDE ESTIMATION

.. t' ·'0 -,
Ught (dB r. 110 cd/m 2 )

Figure 3. Derived cross-modality matching functions from Ex
periment 3.
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from the geometric mean responses on the appropriate
trials across allobservers in a given experiment. For ex
ample, the magnitude estimation function in Figure 3 is
based on the ME-SI and ME-LI judgments in the se
quence of trials of Experiment 3. Functions for individual
observers resemble these average functions quite closely.
Clearly, these data produce excellent fits to straight lines
in log-log (dB-dB) plots, actually somewhat better fits
than the more standard mixed-modality method does, both
visually (substantially less nonlinearity) and in terms of
r 2 (here r2 = 0.999 in three cases, r 2 = 0.978 in the other;
r 2 = from 0.975 to 0.991 in Ward, 1982, 1985, 1986).

In Figures 3 and 4, only the sound-on-light regression
equations are displayed. Comparable regression equations
from previous experiments (with the same general situa
tion, but with only rnixed-modality scaling along with a
single judgment method) had the following slopes for the
strict alternation and the alternation-by-pairs stimulus se
quences, respectively: magnitude matching, 1.59 (Ward,
1982) and 1.68 (Ward, 1985); category matching, 1.45
(Ward, 1982) and 1.59 (Ward, 1985); double cross
modality matching, 1.70 and 1.63 (Ward, 1986). These
slopes compare favorably with the present values of 1.43,
1.44, and 1.62 and 1.47 for magnitude matching, category
matching, and double cross-modality matching, respec
tively (see Figures 3 and 4). Apparently rnixing methods
does not greatly alter these derived cross-modality match
ing functions and may even have the effeet of producing
cleaner data. This may be because the rnixing of judg
ment methods and stimulus continua makes the judgment
sessions more interesting; informal impressions of ob
servers' reactions to the situation support this view.

Microanalysis of Response Dependencies
Multiple regression analyses. Sequentialdependencies

of the current response on previous stimuli and responses

have been studied in a variety of psychophysical scaling
situations, including rnixed-modality scaling (e.g., Ward,
1982, 1985, 1986). One useful way to describe these ef
fects has been to estimate "I, (Xi, and ßk in the following
regression equation:

M

10gRn = "I log In+1:(Xi log In-i
i=\

N

+ 1: ßk 10gRn-k+Ö+€ (I)
k=1

where Rn is the response on trial n, and In is the stimulus
intensity on trial n (see Jesteadt, Luce, & Green, 1977;
Ward, 1979). For the present data, these regression coeffi
cients were estimated for the data of individual observers
by hierarchical linear regression, in which the indepen
dent variables were entered into the regression equation
in the order of the most "recent" (closest to Rn), next
most recent, and so forth (e.g., In first, Rn-I next, then
In-I, etc.). For the coefficients reported here, M = 4 and
N = 4, since coefficients for higher lags are seldom reli
able. Tables 1-4 summarize the results of these analyses
for the data of Experiments 1-4, respectively. Values in
the tables are averages over the appropriate number of
observers in each grouping. Because of difficulty in in
terpreting the reliability of individual observers' coeffi
cients, conclusions are based on t tests on the average
coefficients and on the increase in R2 associated with var
ious previous stimuli or responses.

Consider first Tables I and 2, which summarize the
results from Experiments 1 and 2, in which only judg
ment method alternated within a single session. These ta
bles reveal the effects of responses made during the per
formance of one judgment method on responses made
during the performance of the other, as weIl as the ef
feets of current and previous stimuli on current responses.

Table 1
Regression Coefficients and R 1 Increase from Experiment 1

Regression Coefficients

Method T e, (X. e, (Xl e, (X3 e; (x.

Sound (n = 4)

ME .494t .126t -.042t .121* -.029 -.013 -.003 .055 -.031
CMM .356* .029 -.020 .113* -.038* .038* -.039* .107 -.031*

Light (n = 4)

ME .301* .123 -.020 .124* -.041 -.024 -.007 .145 -.036*
CMM .249t .062* -.030* .14It -.036 .042 -.014 .085* -.025

R? Increase

I. R._ I 1._. R.-1 1.- 1 R.-3 1.-3 R._. 1.-.

Sound (n = 4)

ME .692 .002 .003 .009 .004 .000 .000 .000 .003
CMM .706 .002 .006 .010 .016 .000 .003 .004 .006

Light (n = 4)

ME .670 .008 .006 .007 .010 .002 .003 .006 .010
CMM .586 .002 .011 .026 .022 .002 .003 .004 .009

Note-ME = magnitude estimation. CMM = cross-modality matching. *p < .05 by t test.
tp < .01 by t test.
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Table 2
Regression Coefficients and R' Increase from Experiment 2

Regression Coefficients

Method T ß. a1 ß. a. s, a3 e, a.

Sound (n =5)

CI .383t .098 -.043t . lOSt -.053t -.019 -.024 .074t -.035t
CMM .415t .190* -.062* .103* -.041* .023 -.033 .070 -.030*

Light (n = 3)
CI .257* .095 -.026* .125* -.042* -.008 -.024* .044 -.016
CMM .303* .165 -.045 .166* -.050* .066 -.031 .090* -.029*

R' Increase

I. R'- l 1,-1 R._. 1.-. R'-3 1'-3 R._. 1._.

Sound (n = 5)
CI .821 .005 .005 .000 .004 .001 .001 .000 .002
CMM .714 .007 .006 .004 .006 .002 .002 .002 .002

Light (n = 3)

CI .755.006 .008 .001 .007 .002 .003 .000 .002
CMM .652 .004 .014 .021 .022 .000 .003 .005 .005

Note-CI = category judgment. CMM = cross-modality rnatching. *p < .05 by t test. t p < .01
by t test.

For example, in the first row of Table 1, Rn is a magni
tude estimation (ME) of asound, 'Y represents the regres
sion coefficient of that sound (In), ßI is the regression
coefficient associated with Rn-I, which was a cross
modality match, (XI is the regression coefficient associated
with In-I (also asound), and so forth. In these tables,
even-numbered i and k are associated with the same judg
ment method, and odd-numbered i and k are associated
with the other judgment method.

Several interesting and informative patterns are revea1ed
in Tables 1 and 2. First, 'Y represents the usual power func
tion exponent (uncorrected for sequential dependencies).
As usual, the exponents for sound pressure amplitude are
larger than those for light intensity, although those for
sound are somewhat lower than the values considered
"typica1" (cf. S. S. Stevens, 1975; they are however
"typical" ofthose obtained in my lab). Interestingly, as
I found earlier in separate studies (Ward, 1982, 1985,
1986), cross-modality rnatching exponents are smaller
thanmagnitude estimation exponents but either larger than
or roughly equal to category judgment exponents. This
is reflected in the relative sizes of the response ranges in
the various methods, since a simple power function
description of the data such as R = al» implies that
'Y = 10gR,llogRs, where R, and Rs are the response and
stimulus range, respectively (see Teghtsoonian, 1971;
Ward, 1975). Typical response ranges in magnitude esti
mation are between 1 and 1.5 log units (about 1.1 log unit
in Experiment 1), whereas those for category judgment
are usually less than 1 log unit, since seldom are more
than 10 categories used (they were 0.9 for sound and 0.8
for light in Experiment 2). Response ranges for cross
modality matehing depend on the response continuum;
they were between 0.8 and 1.0 in Experiments 1 and 2.
Since stimulus ranges were the same for all methods, the

relations between these response ranges roughly cor
respond to the relations between the exponents. Thus,
mixing methods did not appear to make observers use
the response continua in an unusual way, nor did it give
rise to unusual estimates for the standard power function
exponents.

In both tables, RZ increases for In are large and greater
than those for any previous stimulus or response, as they
should be for any useful psychophysical method. R Z in
creases for magnitude estimation and cross-modality
matehing are roughly equal, but they are consistently less
than those for category judgment, indicating a distinct ad
vantage to the latter method by this criterion. Moreover,
RZ increases for stimuli and responses at lags of 1 or
greater are larger for cross-modality matehing than for
either category judgment or magnitude estimation in these
experiments, indicating a drawback of the latter method
relative to the other two. This is especially significant,
since this is the first time to my knowledge that such mea
sures have been available to be compared across the same
observers judging the same stimuli on the same occasion.
For purposes of comparison, Ward (1987) found similar
relationships among RZ increases when different groups
of observers used the different methods: the average RZ
increases for In were 0.750, 0.650, and 0.480 for category
judgment, absolute magnitude estimation, and cross
modality matching, respectively.

Consider next the regression coefficients for lags of 1
or greater. First, all of the (Xj values are negative (6 of
16 significantly so in Table 1, 11 of 16 in Table 2) for
both modalities, in both tables, consistent with previous
studies that have found negative regression coefficients
for previous stimuli in this analysis. One subtlety is that,
for cross-modality matching, the RZ increases associated
with stimuli at a lag of 2 are substantially larger than those
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at a lag of 1 for three of the four comparisons. Responses
at a lag of 2 were made with the same method, while those
at a lag of 1 were made with a different method. Varia
tion with response method of the RZ increase associated
with previous stimuli indicates that part of the stimulus
contrast effect in cross-modality matehing may be of cog
nitive origin, as argued by Ward (1986).

The regression coefficients for previous responses, ßk,
also are generally consistent with previous data. All but
4 of the 32 are positive (8 of 16 are significantly differ
ent from zero in Experiment 1, 7 of 16 in Experiment 2;
the negative coefficients are all for the effect of cross
modality matches on magnitude estimations or category
judgments at a lag of 3, and none are reliably different
from 0), indicating reliable assimilation of the current
response to previous responses. Interestingly, ß. is sub
stantially larger for magnitude estimation than for cross
modality matehing in Experiment I, but ß. is larger for
cross-modality matehing than for category judgment in
Experiment 2. This indicates that magnitude estimations
were assirnilated more to immediately previous cross
modality matches than vice versa, while category judg
ments exerted a larger assimilative effect on subsequent
cross-modality matches than vice versa. In Experiment 1,
ßz for cross-modality matches is substantially larger than
ß., indicating that a cross-modality match two trials back
in the sequence had a larger effect on a current cross
modality match than did a magnitude estimation only one
trial back. Nonetheless, the generally (significantly) posi
tive regression coefficients, regardless of lag, indicate that
responses in each of the paired methods exerted assimila
tive effects on responses on the other method, consistent
with the fuzzy judgment theory prediction discussed in
the introduction.

Tables 3 and 4 display the results of sirnilar analyses
for Experiments 3 and 4. One should recall the sequence
of trials in these experiments (one complete segment is
reproduced as row labels in each table) in order to inter
pret the regression coefficients and RZ increases. In
general the same conclusions arise, although here the

results are cleaner. Again the exponent for sound pres
sure was larger than that for light intensity ('Y), and again
the exponents for magnitude estimation are the largest for
each modality. Relative response ranges also are consis
tent with these variations of exponents: log response
ranges for sound and light were, respectively, 1.5 and
1.3 fOT magnitude estimation, 0.9 and 0.8 (Experiment 3)
and 0.7 and 0.7 (Experiment 4) for cross-modality match
ing, and 0.8 and 0.8 for category judgment. Again,
category judgment is superior to both other methods by
the criterion of larger RZ increase associated with In, and
smaller RZ increase associated with stimuli at lags of I
or more, although magnitude estimation also fares weIl
in Experiment 3. Cross-modality matehing (at least using
the duration response continuum) is the clear loser in both
experiments.

In the case of the a, coefficients, we can exarnine both
intramodal and intermodal effects, since modalities alter
nated in these experiments. Intramodal effects arise from
previous trials on which the same modality was judged
(as that on the current trial), whereas intermodal effects
arise from previous trials on which the other modality was
judged. For example, in row ME-S. of Table 3, (X.

represents the effect of the stimulus on the immediately
preceding trial, which was a CMM-Lz trial, on an ME-S.
judgment, an intermodality effect (light-on-sound). In the
same row, (Xz represents the effect of ME-L. trials, also
an intermodality effect, while (X3 and (X4 represent the ef
fects of CMM-S, and ME-S. trials, respectively, both
intramodality effects, on the same ME-S. judgment.
There are 16 intramodal effects of previous stimuli dis
played in the two tables, and all are negative and signifi
cantly different from zero. The intermodality coefficients
are small; overall, 10 of 16 are negative. Only 2 ofthem
(both negative) are significantly different from zero; they
are on same-method trials for cross-modality matches in
Experiment 3 ((Xz for CMM-Sz and CMM-Lz trials), con
sistent with Ward's (1986) finding of a small intermodal
ity contrast effect for cross-modality matches. Overall,
the data support the previous finding that stimulus con-

Table 3
Regression Coefficients and R' Increase from Experiment 3

Regression Coefficients
Method

and Stimulus
Modality

ME-S,
CMM-S,
ME-LI
CMM-L,

T

.639t

.351t

.451t

.285t

ß, O!,

-.001 .016
.148t -.llit
.053 -.014
.052* - .039*

.054 - .005 .085 - .082t

.204t - .036t .010 - .001

.068t - .033 .084t - .057t

.177t -.048t -.026 .Oll

R' Increase

.093 -.080*

.191t -.093t

.106t - .059t

.182t -.058t

R._ I 1.- 1 R._, 1.-, R.-3 1,-3 R.-4 1.- 4

ME-SI .737 .002 .002 .005 .002 .002 .007 .001 .003
CMM-S, .636 .005 .027 .027 .Oll .000 .001 .003 .018
ME-L, .735 .002 .002 .002 .001 .003 .005 .002 .004
CMM-L, .635 .002 .008 .016 .016 .001 .001 .003 .007

Note-n = 8. ME = magnitude estimation. CMM = cross-modality matching. S = sound.
L = light. *p < .05 by t test. t p < .01 by t test.
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Table 4
Regression Coefficients and R· Increase from Experiment 4

Method
Regression Coefficientsand Stimulus

Moda1ity T ßI al e, a. {33 a3 {3. a.

Cl-SI .365t .072* -.009 .055 -.006 .024 -.039t .047 -.041*
CMM-S. .297t .242t - .080t .125* -.018 .034 -.005 .110 -.061*
Cl-LI .27lt .059 -.003 .056 -.004 .071t -.04Ot .077 -.028t
CMM-L. .228t .207t - .045* .177t .069 -.013 .006 .134t - .049*

R· Increase

I. R._ I 1,-1 R._. 1.-. R'-3 1,-3 R._. 1.-.

Cl-5 , .802 .001 .000 .001 .001 .005 .003 .002 .002
CMM-S. .701 .007 .014 .007 .005 .002 .001 .002 .010
Cl-LI .786 .004 .001 .003 .001 .003 .008 .002 .002
CMM-L. .646 .020 .Oll .013 .006 .001 .002 .001 .Oll

Note-n = 6. Cl = category judgment. CMM = cross-moda1ity matching. 5 = sound.
L = light. *p < .05 by t test. t p < .01 by t test.

trast effects are largely modality-specific in mixed
rnodality scaling situations. The mixed-method context
does not alter this pattern.

Again, similarly to previous findings, assimilative se
quential dependencies do not depend heavily on modal
ity, although as in Experiments 1 and 2, there are some
differences in the effects of responses in the various
methods on one another. Twenty-nine of32 ßk coefficients
are positive, and 16 of these are significantly different
from zero. The 3 negative coefficients are small, not sig
nificantly different from zero, and with one exception,
they occur at higher lags. The single exception is interest
ing. It is ß. = -0.001, for the ME-S. judgment (Ta
ble 3). It indicates essentially no effect of the immedi
ately previous CMM-L2 response on that judgment. In
general, in Experiment 3, cross-modality matches had less
assimilative effect on magnitude estimations than vice
versa, and in Experiment 4, the same held for cross
modality matches and category judgments. The influence
of previous category judgments on current cross-modality
matches was even greater than the influence of previous
cross-modality matches in Experiment 4, whereas previ
ous cross-modality matches had more influence on cur
rent ones in Experiment 3, even though they occurred at
a greater lag. In general, these results are also consistent
with the idea (discussed in the introduction) of a common
categorical basis of judgment in the three methods,

Second-order dependencies. Figures 5 and 6 illustrate
the results of analyses of the data of Experiments 1 and
2 for the dependency of the correlation between previous
and present responses on the separation between the
stimuli responded to (Sn-Sn-k). This dependency typically
has the form ofan inverted V centered at Sn-Sn-k = 0
(see Ward, 1982, 1986, for data from comparable meth
OOs). As can be seen in the figures, this pattern is present
for both intramethod and intermethod assimilative depen
dencies (positive correlations). This means that the as
similative effects of responses in one method on those in
another have the same form as those of each method on
themselves. The results of such analyses for Experiments

3 and 4 are similar but more variable (because of the
smaller numbers of trials on which individual correla
tion coefficients are based) and are not shown. Again,
this result is consistent with a common source for the as
similative dependencies in the process of categorization
assumed by the fuzzy judgment theory to be common to
all three methods .

CONCLUSION

The results of the experiments reported above support
a number of useful conclusions. First, it appears that rnix
ing methods of judgment does not significantly distort how
either method is used. This is true of ranges of responses
obtained, exponents of power functions fitted to the data,
derived cross-modality matehing functions, and depen
dencies of current responses on previous stimuli and
responses of the same method and the same or different
modality. In the mixed-method context, as in others (e.g.,
Ward, 1987), category judgments provide more consis
tentjudgments, probably because ofthe strong constraints
that the method imposes on the responses that can be used.
Finally, derived cross-modality matehing functions are
somewhat cleaner in the mixed-method context but have
comparable slopes to those derived in the simple mixed
modality context. Thus, mixed-method scaling, especially
when combined with mixed-modality scaling, has been
shown to be at least as valid as other direct scaling
methods. In addition, it is considerably more efficient,
in that it produces equally useful psychophysical functions
while at the same time producing additional data, such
as response matehing functions, that give insight into the
judgment process and provide a basis for assessment of
internal consistency.

The present experiments have also provided additional
evidence that magnitude estimation, category judgment,
and cross-modality matehing have much in common. Ap
parently responses are used in the various methods in a
way that allows relatively simple equivalences to be es
tablished between them, although they are never simply
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Figure 5. Plots of the correlation between logR. and logR._ k as a function of S. - S.-k for lags of 1 (k = 1) and 2 (k = 2) for the
data of Experiment 3.

translations of number to a cross-modality matehing
response or vice versa. While maintaining different ranges
of responses with the different methods, observers
nevertheless use these responses consistently enough for
simple power or linear functions to describe their relation
ship adequately. Moreover, dependencies of current
responses on previous responses usually have the same
form regardless of whether the method of judgment
producing the previous response was the same as or differ
ent from that producing the current one. This does not
seem to arise from a simple biasing of one method by the
other (stronger?) method, since each method retained its
characteristic properties in the present experiments.

All of this is consistent with the idea that responses in
the three methods share a common stage of judgment. A
plausible common mechanism is categorization, as
described in the theory of fuzzy judgment. This theory
explains the patterns of sequential dependencies observed
in the present experiments by attributing intramodal con-

trastive dependencies on previous stimuli to a stimulus
discrimination process while assimilative dependencies on
previous responses are said to arise from the use of heuris
tics applied during the categorization process. The fact
that the methods retained their usual characteristics vis
ä-vis power function exponents and response ranges is ex
plained by the fact that the output from the categoriza
tion process becomes the input to a response process that
differs with method, depending on the rule of judgment
imposed by the experimenter.

Interestingly, S. S. Stevens (1975) argued that cross
modality matehing could not be mediated by magnitude
estimations or any other numerical judgment (such as
judgment based on a physical scale of the stimuli, for ex
ample), because cross-modality matehing seemed so sim
ple and direct experientially, and because naive observers,
including young children who had never used magnitude
estimation and were numerically unsophisticated, could
immediately and directly match sensation intensity on two
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continua. However, categorization can be nonnumerical;
it is a primitive operation perfonned by all of us on a regu
lar basis; and it often (if not always) provides the basis
of perceptual equivalence that is required for effective ac
tion. Thus, it is possible that mediation of cross-modality
(and intramodality) matches by a process of categoriza
tion can explain Stevens's informal observations of the
ease and simplicity of cross-modality matching, as weIl
as the many properties of cross-modality matehing that
he discovered (S. S. Stevens, 1975, chap. 4).

The final picture is not completely c1ear. There are
asymmetries and inconsistencies in the effects of judg
ment methods on each other. For example, magnitude es
timations were more affected by immediately previous
cross-modality matches than vice versa in Experiment I,
but affected only wealdy by them in Experiment 3 (not
at all for the ME-SI judgments). The different groups of
observers in Experiments 1 and 2 seem to have used their
responses somewhat differently. Clearly, both the ex-

perimental context and decisions made by different groups
of observers about how to comply with the experimenter's
instructions could have significant effects on the outcomes
of such experiments. The challenge is to c1assify the var
ious effects as to source correctly, so that a valid, fun
damental, and method-accommodating theory of psycho
physical judgment can emerge.
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NOTE

I. In this paper, the traditional method of fitting power and linear
functions to scaling data and assessing such fit is used. This method
relies heavily on linear regression and the r' measure of goodness of
fit. In arecent paper, Parker, Casey, Ziriax, and Silberberg (1988)
demonstrated that random monotone data fit linear and power functions
with quite high r' values (95th percentiles above 0.95). Moreover, since
their data were generated with an arbitrary selection of sarnpling scheme
and ordinate geometry, even if some experimental data produce r' values
above the 95th percentile (which all of the present data do), it is possi
ble that some other arbitrary set of assumptions would yield equivalent
fits for random data. Thus, Parker et al. (1988) concluded that r' alone
is inadequate as a test of fit of monotone data to algebraic models. In
light of these rather iconoclastic conclusions, it should be emphasized
that in the present paper, linear and power function models are used
only descriptively. That is, such algebraic models are fitled to the data
in order to describe them economically and to compare them with previ
ous data described with recourse to the same empirical models. There
is no intention of asserting that such models are superior to other a1gebraic
models for theoretical or empirical purposes on the basis of the reported
r' measures. It is possible that other models would prove superior, par
ticularly if they explained some of the (not dramatic) nonlinearities. It
is also true that merely to use such models without comparing them to
others tends to enhance their reputation for usefulness at the expense
of the (untested) others. However, linear and power function models
do provide a good first approximation to most psychophysical data (in
c1uding those presented in this paper), and they are simple enough to
work with easily. For this reason, they have been used in the present
paper, in which the intent is to describe and begin to interpret some
new data.
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