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Abstract

Introduction In the present study, we assessed crossmodal associations between odors and both color and shape, with particular
interest in the principles beneath these mappings. We hypothesized that visual associations of odors would primarily reflect
observable features of a smelling object and thus vary with different source assumptions of the very same smell.

Methods We asked 30 participants to visualize their odor associations on a drawing tablet, freely deciding on color and shape.
Additionally, subjects provided ratings on perceptual and shape-related dimensions as well as a verbal label for each sample.
Results With respect to color selection, the results confirmed a source-based mapping approach: odors rated as familiar were
associated with very particular colors that typically resembled the appearance of their source. For less familiar odors, color
selection was rather inconsistent but still then went along with assumed odor objects. Shape ratings changed with odor identi-
fications as well, but considerably less than for color associations. Shape ratings and shape drawings produced very different
results. While shape ratings were unlikely rooted in the mental imagery of a shape, drawings frequently displayed concrete
objects that depended on odor label.

Conclusions Results confirm the existence of stable odor—vision correspondences and suggest that language plays a major part in
mediating these mappings. The frequently assumed hedonic foundation of crossmodal matchings could not be confirmed for this
stimuli set.

Implications Odor sensations may trigger odor naming spontaneously. Assumptions about an odor’s identity, as well as the
multisensory knowledge we have acquired on it, affect the visual associations of an odor.

Keywords Crossmodal associations - Crossmodal correspondences - Odor - Olfaction - Color - Shape

Introduction

An extensive body of research has investigated crossmodal
associations of odors and found stable mappings between
odors and specific stimuli, classes, and dimensions of other
sensory modalities (for a review, see Spence (2011)). Among
these, the correspondence between smell and vision has been
of particular interest (Table 1(a, b)) as visual information has
been shown to affect odor perception considerably (Engen
1972; Osterbauer et al. 2005; Stevenson et al. 2012; Zellner
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2013) in terms of intensity (Kemp and Gilbert 1997; Zellner
and Kautz 1990; Zellner and Whitten 1999), pleasantness
(Sakai 2005; Zellner et al. 1991), and quality evaluations or
odor source identification, respectively (Blackwell 1995;
Gilbert et al. 1996; Lavin and Lawless 1998; Morrot et al.
2001; Sakai 2005; Streeter and White 2011; Zellner et al.
1991). While the existence of consistent crossmodal
matchings is uncontroversial, the mechanisms underlying
these associations have been characterized diversely. Among
the most frequently adduced principles in published research
have been mentioned natural co-occurrence (Knoferle and
Spence 2012; Spence 2011; Spence and Deroy 2013; Zellner
et al. 2008), hedonics (Collier 1996; Crisinel et al. 2013;
Crisinel et al. 2012; Crisinel and Spence 2010; Hanson-Vaux
et al. 2013; Maric and Jacquot 2013; Pauli et al. 1999; Seo
et al. 2010; Stevenson et al. 2012; Zellner et al. 2008),
emotions (Charney et al. 2015; Schifferstein and Tanudjaja
2004), and semantics (Dematte et al. 2006; Gilbert et al.
1996; Jacquot et al. 2016; Knoferle and Spence 2012; Maric
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and Jacquot 2013; Marks 1996, 2004; Martino and Marks
2000, 2001; Nehmé et al. 2016; Spence 2011; Spence and
Deroy 2013; Stevenson et al. 2012; Zellner et al. 2008).

Co-Occurrence Several attributes from different sensory mo-
dalities co-occur naturally in our environment. These
matchings are internalized early in life and expressed in
crossmodal associations, for example, between size and loud-
ness or angularity and softness of objects.

Hedonics and Emotion In numerous studies, pleasantness has
been suggested as the prime mediator of olfactory crossmodal
correspondences with pleasant odors being matched to pleas-
ant stimuli of other sensory modalities and vice versa.
However, as pleasantness ratings fail to predict matchings in
any instance (Knoferle and Spence 2012), one might reason
that this principle is only one of several underlying mecha-
nisms or a side effect of, for example, odor identification, i.e.,
a semantic process. A more recent study by Charney et al.
(2015) provided evidence for the mediating role of several
other affective dimensions like anger, happiness, romance,
and energy in odor-music matchings.

Semantics With respect to crossmodal associations, the mech-
anism of “semantic matching” has been explained in different
ways. Some authors (Kndferle and Spence 2012; Spence
2011) have referred to semantic matching when perceptual
evaluations depend on the same terminology in different sen-
sory modalities (as high or low for pitch, temperature, inten-
sity, and elevation). We, however, use the term semantic—or
specifically lexical-semantic—in the meaning of experience—
based, i.e. learned, associations that very often go along with
source considerations when an odor is presented. In particular,
the term lexical-semantic is used when language is assumed
to be mediating the crossmodal association. Several authors
have adduced this principle to explain crossmodal matches,
though they may have labeled it differently (Dematte et al.
2006; Gilbert et al. 1996; Jacquot et al. 2016; Maric and
Jacquot 2013; Nehmé et al. 2016; Schifferstein and
Tanudjaja 2004; Stevenson et al. 2012; Zellner et al. 2008).
We can assume with good reason that the mentioned at-
tempts are neither mutually exclusive, nor may one explain
each type of crossmodal correspondence. Lexical-semantic
effects have received most empirical attention concerning
mappings between smell and color. It seems plausible that
associations of odors primarily reflect visual features of an
assumed odor source when considering the olfactory vocabu-
lary of many languages. Linguistic expressions of odor per-
ceptions lack superordinate categories and dimensions (for a
review, see Kaeppler and Mueller (2013)); hence, associations
may simply be traced back to the visual features of an odorous
object and what is more important, odors may more easily
prompt naming processes than perceptions in other sensory

@ Springer

modalities. Empirical indications for this assumption can be
found in the results of all odor—color studies (Table 1(a)).
Interestingly, recent cross-cultural studies have provided evi-
dence that a dominance of source references may be truly
rooted in language as this effect is limited to cultures with
insufficient smell-related vocabulary (Majid 2015; Majid
and Burenhult 2014; Valk et al. 2016).

Meanwhile, interest and evidence for semantic principles
beneath odor—shape mappings have been sparse. Recent studies
have mostly bypassed the option that shape selection could
reflect visual features of odorous objects and rather focused
on pleasantness and perceived intensity as mediating factors.
Therefore, the present study aimed to assess whether visual
associations of odors depend on the imagery of an odor’s source
in terms of color and shape dimensions and if they change
systematically with varying odor names. Specifically, we as-
sumed that (1) colors correspond with the natural color of an
assumed odor source object: different odor names go along
with different colors for the same odorant. Color selection is
non-random for easy-to-label odors (independent from the ac-
curacy of this label) and rather arbitrary for hard-to-label odors.
(2) Shapes correspond with basic visual features of the assumed
odor source object: Shape features are distinct for easy-to-label
odors and rather arbitrary for hard-to-label odors.

Different from previous methodological approaches where
subjects matched odors to a given set of visual stimuli or rated
on several visual dimensions, we asked participants to create
free drawings of their visual associations. We wanted to intro-
duce a novel method for examining visual matchings of odors.
With an exploratory attempt, we aimed to obtain a more ho-
listic impression of visual odor matches that also reflected the
relationships between color and shape associations. We ex-
pected that providing fewer restrictions for the dimensions
of these associations could help to further the understandings
of the principles behind these correspondences.

Materials and Methods
Procedure

Subjects carried out three sequential tasks: computer-assisted
drawing (visualization task), odor evaluation (evaluation task)
on perceptual dimensions, and odor identification (identifica-
tion task). Before proceeding with the next, each task was
completed for all odors.

Visualization Task

Participants were asked to display their associations to each
odor presented by employing a digital drawing tablet (Wacom
Bamboo Pen & Touch, third generation) and the painting soft-
ware ArtRage (Ambient Design). For color selection,
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participants passed through a fixed sequence of steps: They
first picked a color hue from a linear color spectrum, then
varying lightness and saturation with a slider bar on both di-
mensions. They were then asked to draw a shape or pattern in
any size, direction, and complexity that they felt most closely
matched their visual association of the odor presented.
Subjects could draw freely but were explicitly instructed not
to draw figurative objects. The task had no time limit. Subjects
could see their drawings on a 21.5-in computer screen in front
of'them. They could erase parts or the whole sketch if desired.
Each participant was instructed comprehensively and in writ-
ten form about the procedure. Subjects completed several
standardized tasks to practice color selection as well as the
usage of pen and tablet before proceeding with the actual
experimental session. A session consisted of 10 blocks (i.e.,
10 odors), intermitted by breaks of at least 90 s. For each new
block the white canvas on the screen was blank and the color
picker in a neutral position. Instructions on procedure and
sequence of color selection were visible at all times.

Odors were presented in white pen-like devices that carried
a cotton swab soaked with the diluted odorant. Pens were
coded by a random two-digit number.

Evaluation Task

In the second task, subjects were asked to evaluate the same
odors one by one on 11 dimensions using a nine-point rating
scale. Five dimensions were labeled and anchored on both
sides: intensity (low—high), pleasantness (very unpleasant—
very pleasant), edibility (not at all edible—edible), temperature
(cold-hot), masculinity—femininity (very masculine—very fem-
inine). Six dimensions were supposed to be shape related: for
five of them terms were provided on each extreme (regular—
irregular, small-big, abstract-realistic, simple—complex, geo-
metric—organic), one was anchored by the images % and
(Maluma-Takete) comparable to previous crossmodal
studies (Crisinel et al. 2013; Hanson-Vaux et al. 2013).

Identification Task

In the last part, participants rated the familiarity of each odor-
ant (not familiar at all-very familiar) and whether they were
able to identify it (not at all-very confident) on a nine-point
rating scale. Subjects were then asked to provide the most
accurate source name of each odor and to judge the certainty
of their answer (“How certain do you feel in having identified
the correct odor source?” not at all-very certain).

The order of stimuli presentation was fully randomized
across participants and experimental tasks. Subjects were free
to sniff an odor sample as often, as they wished and to inter-
rupt a session when they felt their perceptual sensitivity or
concentration decreasing.

Odorants

We selected ten odors from a larger stimuli set of a previous
study (details on this unpublished study may be requested
from the author). The selection was based on two criteria:

1. Rate of correct identifications in a free identification task:
As we assumed that the consistency of associations across
subjects would vary with the ease to name an odor, we
included odors with different rates of correct identifica-
tions: high (lemon, peppermint), low (elder, patchouli),
and intermediate (ethyl acetate, isoamyl acetate, licorice,
mustard, coconut, cinnamaldehyde). To determine nam-
ing accuracy, we applied a definition of an odor’s veridi-
cal label proposed by Dubois and Rouby (2002): “the
commonly encountered object that produces an odor quite
similar to the one produced by the presented odorant” (p.
50). That is, for an odorant Lemon Qil both labels lemon
and /ime would be treated as correct identification.
Nevertheless, we would expect different visual associa-
tions for each of these labels.

2. Naming consistency in a free identification task: As we
wanted to investigate how an assumed odor source affect-
ed color and shape associations, we chose odors for which
different source assumptions could be contrasted. Thus,
we only included odors that had been labeled reliably with
at least two different odor names a free identification task.
For example, a lemon odor that was repeatedly identified
as lemon or lime, respectively.

Odorants and most common source names are listed in
Table 2.

Participants

In total, 30 participants (60% women; mean age 22.8; SD =
3.37; range = 18-35) were recruited from the Leuphana
University Lueneburg. They were tested individually and par-
ticipated for course credit. Participants provided verbal in-
formed consent about being tested. Ahead of the experimental
session, they were instructed not to use perfume, body lotions,
or odorous cosmetics at the day of the experiment and not to
smoke 1 h prior to the study. None of the subjects reported
respiratory infections, allergies or another impairment of their
sense of smell at the time they were being tested. They had no
previous experience in olfactory testing and were naive to the
experimental aim of the study. At the end of the experiment,
participants were fully debriefed. The study was conducted
according to the Declaration of Helsinki—FEthical Principles
for Medical Research Involving Human Subjects and ap-
proved by the Ethics Committee of Leuphana University
Lueneburg.

@ Springer
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Table 2 Set of odorants and most

common labels (applied in a free Product name/substance (supplier) Label A Label B Abbreviation
identification task)
Anethol Supra (Symrise) Anise Licorice ANI
Cinnamaldehyde (Symrise) Cinnamon Marzipan CIN
Aromatic oil “Coco” (Aromell) Coconut Vanilla COC
Elder flavor (Symrise) Elder Rotten fruit ELD
Isoamyl acetate Ice drops Solvent ISO
Lemon oil (Symrise) Lemon Lime LEM
Mustard flavor (Symrise) Mustard Wasabi MUS
Aromatic oil “Patchouli” (Aromell) Wood After shave PAT
Peppermint oil (Symrise) Peppermint Chewing gum PEP
Ethyl acetate (Symrise) Nail polish remover Glue TUR
Results for elder) and near misses (similar or closely related odor

All statistical analyses were conducted with the SPSS statistics
(version 24.0) for Windows. Testing revealed no significant
gender differences. Hence, data was collapsed across gender.
Ratings on all dimensions applied in the evaluation task were
treated as metric data. With respect to correlations, we calcu-
lated Spearman coefficients as data was not normally distrib-
uted on these dimensions (details of analysis may be requested
from the author). All drawings are available in Online
Resource 1.

Odor Identifications

Overall, odors were identified correctly in 43% of the cases,
with considerable differences in naming accuracy between
odors (Fig. 1). As expected, the highest naming accuracy
was found for LEM (86.67%) and PEP (80%) and lowest
for PAT (0%) and ELD (0%). We additionally applied a
scheme proposed by Cain (1979) and further classified incor-
rect identifications in far misses (evidently false labels—wood

1007 |gentification rates in %

80 -

labels—orange for lemon). When near misses were treated
as correct, the overall identification rate increased to 65%.
The highest rates of near misses were found for the six odors
with (initially) moderate identification rates and as expected,
these labels had a certain consistency across subjects. That is,
very often one and the same incorrect odor name was applied
by several participants.

Additional data on perceptual ratings and the relationships
between ratings of odor familiarity, naming ability, and nam-
ing certainty are provided in Online Resources 2—4.

Color Analysis
Non-Randomness

To compare color selection within and across stimuli, values
for the three-color space dimensions hue (0-360°), saturation
(0-100%), and chroma (0—100%) were extracted from the set
of 300 images (30 subjects, 10 odors) using the software
GIMP (version 2.8).

86.7

80.0 80.0

50.0

40.0

63.3
607 533
_ 367
40 33
20 - 13, I
o0 .
ANI CIN co

C ELD I1SO

LEM MUS PAT PEP TUR

Fig. 1 Identification rates: correct identification (dark grey bars), near miss (light gray bars), and far miss (shaded bars)
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While saturation and chroma parameters can be treated and
analyzed as metric data, hue is based on a circular distribution
and suitable statistical methods are not readily available. We
therefore classified hue scores in either six or 12 equally broad
color categories for further analysis. Figure 2 depicts the
colors chosen for each odor.

As some odors seemed to be associated with colors more
consistently than others, we first tested whether color matches
were odor specific and non-random across participants, i.e.,
whether a given odor influenced color choice or not. The ob-
served hue scores were divided in six equally broad color
groups (red, yellow, green, cyan, blue, magenta) and compared
to a random equal distribution using a non-parametric x~ test
(Table 3). If color matching was determined by an odor’s name,
one might expect to find a stronger preference across subjects
for particular colors for easy-to-label samples and a rather arbi-
trary color selection for unfamiliar odors. The test showed sig-
nificant results for the common and easy to name odors LEM
and PEP as well as for CIN, COC, ISO, and MUS. For these
odors, subjects preferred some colors over others. Non-
significant results referring to a rather random color matching
were found for the unfamiliar odors ELD and PAT.
Interestingly, non-significant p values were also calculated for
ANI and TUR. They, however, do not indicate a random color
selection as subjects disproportionally often chose grey and
black for both odors, color categories that do not go along with
a variance in hue, but in saturation and lightness.

ANI

EEEEET
EREEE
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LEM

HEE k
I E HEN

PEP TUR

| | .
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Given that color selection was reliable for odors with cer-
tain identification ease, we ought to answer whether this con-
sistency was determined by an assumed odor source only or
mediated by other variables.

Dimensional Ratings

While several studies have reported robust crossmodal asso-
ciations between color and likeability (Hanson-Vaux et al.
2013; Jacquot et al. 2016; Maric and Jacquot 2013;
Schifferstein and Tanudjaja 2004; Zellner et al. 2008) or per-
ceived intensity of odors (Fiore 1993; Kemp and Gilbert 1997;
Schifferstein and Tanudjaja 2004), we found only small rela-
tions between pleasantness or intensity ratings and lightness,
saturation, or color hue, respectively (Table 4). These results
imply that—at least for this set of odors—pleasantness and
intensity ratings did not mediate the matching between odor
and color: “Red odors” were evaluated, as no more pleasing
than “black odors” and “dark odors” were not generally per-
ceived as more intense than “light odors”, etc.

Color Profiles

To generate color profiles, hue scores were classified in 12
equally broad classes (30° of the hue circle each). The fre-
quency of mappings per color category is displayed for each

ELD

coc

PAT

Fig. 2 Color matching for each odor. Patches are sorted by color, not by subject (Color figure online)
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Table 3 Results of y°

test on color hues Odor X P

selected for each odor'
ANI 2.0 0.8491
CIN 44.0 <0.001
COoC 29.2 <0.001
ELD 12.4 0.0297
ISO 23.6 <0.001
LEM 88.8 <0.001
MUS 47.2 <0.001
PAT 4.0 0.5494
PEP 37.2 <0.001
TUR 104 0.0647

"Based on six equally broad categories:
red (331-30°), yellow (31-90°), green
(91-150°), cyan (151-210°), blue (211—
270°), magenta (271-330°)

odor in general and—if enough cases available—as a function
of assumed odor source in Fig. 3.

Color patterns are visibly odor specific. However, while
unfamiliar odors like PAT and ELD show a rather constant
distribution across all classes while familiar odors like LEM
and PEP have distinctive profiles with high peaks in particular
color classes. When color profiles were generated as a func-
tion of assumed odor name, the color mappings for some
odors varied considerably—although odor naming was per-
formed only after color and shape matching for all odor sam-
ples. Exemplary color patches for three odors are displayed in
Fig. 4 and suggest a source-driven color matching.

Remarkably, often the color selection for outliers went
along with (wrong) odor source names as well: for example,
for ANI, dark yellow—green was chosen for fennel sirup, for
MUS red for salami, for COC bright blue for NIVEA sun
cream(blue packaging), for TUR a bright red for Pritt glue
(red packaging), etc.

In several cases, color selection alone suggested a source-
independent mapping. Very often, shape features countered

Table 4 Spearman correlation coefficients between perceptual and
color dimensions, 1 coefficient between hue classes and perceptual
dimensions

Dimension Lightness ~ Saturation  Hue

Intensity —0.031 0.045 0.202  (0.041)
Pleasantness 0.128* 0.063 0.176  (0.031)
Edibility 0.087 0.053 0.190  (0.036)
Temperature —0.117* 0.117* 0.483  (0.233)
Masculinity—femininity 0.180%*  0.056 0.379  (0.144)

Scores in italics are 1) coefficients that describe the relationship between
hue categories (12 equally broad classes) and perceptual dimensions; 7>
in brackets

*p <.05; ¥¥p <.01
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this impression of an arbitrary color selection: for example,
when CIN was identified as cinnamon and matched with a
very light red, a drawn rectangle or flat cuboid implied a
source-based visualization—however, not in the proper sense
of cinnamon as a seasoning but as chewing gum flavor (in this
case Wrigley’s Big Red).

Shape Analysis

Shape associations were assessed in two approaches: (a) in the
visualization task, subjects were asked to draw any shape or
pattern that best matched a given odor; (b) in the evaluation
task (after visualization of all odors), participants rated each
sample on six shape-related dimensions anchored with shape-
related terms or symbols. We analyzed the tasks separately
and assessed the closeness of agreement in order to test wheth-
er both approaches reflect shape associations similarly.

Shape Dimension Ratings

We conducted repeated-measure ANOVAs (Greenhouse—
Geisser corrected) to assess whether there were any differ-
ences in average shape ratings between odors. Results were
significant for all dimensions except for small to big (Table 5),
suggesting that the tested odors had a significant effect on the
rating of all shape dimensions except size.

Previous studies have emphasized that shape associations
may not be explained by mental imagery of an odor’s source:
“Smells were not matched to shapes in a manner that could be
explained simply by suggesting that participants were
matching to the shape properties of their typical source”
(Deroy et al. 2013, p. 882). We calculated correlation coeffi-
cients to test whether differences in shape were mediated by
pleasantness or intensity as reported by other authors
(Table 1(b)) and found small to moderate effects
(Table 6(a)), with the highest coefficients for the angularity
dimension. Our results are comparable to associations report-
ed by Crisinel et al. (2013): dors rated as rather unpleasant or
intense were regarded as more while pleasant or less
intense samples were more likely matched to the rounded,
organic gb shape (Fig. 5a, b).

As with color classes, we generated shape profiles for all
odors (across all subjects and as a function of assumed odor
source) displaying the mean score of each of the six shape
dimensions (Fig. 6).

In general, shape dimension ratings appeared to be less
pronounced than color hue profiles suggesting a minor effect
of assumed odor source. Uncommon odors like ELD or PAT
as well as more familiar samples like ISO, CIN, or MUS
resulted in rather flat, i.e., unpronounced patterns with mean
ratings close to the midpoint of each dimension. Interestingly,
the most tangible shape dimension size was the least affected
by an odor or assumed odor source—only two odors (ISO,
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Fig.3 Color hue profiles for each ANI CIN
odor across all judgments and as a 100 —e— ANI (n=30) 100 —e—CIN (n=30)
function of assumed odor source 80 Anise (n=16) 80 Cinnamon (n=19)
name; x-axis: R—O red—orange —a— Licorice (n=10) —&— Marzipan (n=4)
(346-15°), Y-O yellow—orange 60 60
(16-45°), Y yellow (46-75°), Y— 20 20
G yellow—green (76-105°), G
green (106-135°), B-G blue— 20 e 017
green (136-165°), C cyan (166— 0 1 0 FaaN
195°), B blue (196-225°), B-V R-OY-0 Y V-G GBGC BBVV M R R-OY-0 Y V-G GB-GC BBVV M R
blue—violet (226-255°), V violet
(256°-285°), M magenta (286— coc ELD
315°), R red (316-345°); y-axis: 100 —e—COC (n=30) 100 —e—ELD (n=30)
frequency of color class selected Coconut (n=12) Peach (n=3)
(in %) & —o— Vanilla (n=7) 80
60 60
40 40
20 20
0 0 ‘/_ \/\ AN A /\'
R-OY-0 Y V-G GBGC BBVV M R R-OY-0 Y V-G GB-GC BBVV M R
1SO LEM
100 —e— 150 (n=30) 100 —e— LEM (n=30)
Ice Drops (n=15) Lemon (n=13)
80 80 ——&— Lime (n=8)
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100

80

60
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20
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LEM) varied significantly from the scales midpoint and the
influence of different source names was marginal.

These results may indicate that (a) shape (different from
color) associations are generally less affected by semantic prin-
ciples. However, it may imply as well that (b) untrained subjects
are not capable or willing to link theoretical ratings of shape to
the visual imagery of an odor. Evidence for the latter is provided

AL

ROYO Y YGGBGC BBVV MR

R-OY-O Y YG GBGC BBVV M R

PAT
®— MUS (n=30) 100 —e— PAT (n=30)
Mustard (n=6)
——&— Wasabi (n=6) 80
~--a&--- Onion/Garlic (n=9) 60
40

. /\\/\/\/._\\‘
0
ROY-O Y Y-GGBGC BBVV M R

TUR

—e— PEP (n=30) 100 —e— TUR (n=30)

Peppermint (n=10) Turpentine / Nail Polish Remover (n=12)

—&— Chewing Gum (n=13) 80

—&— Glue (n=12)

60

40

20

ROY-O Y YGGBGC BBVV MR

by the finding, that—among all shape dimensions—the ab-
stract-realistic dimension shows the highest correlation with
familiarity scores (r;=0.295; p <0.01). That is, the evaluation
of abstractness may not refer to an imagined shape but more
likely to the question “How realistic, i.e. recognizable, is the
smell to me?” If this is true, participants should have rated
odors higher on this dimension if they were able to identify
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LEM - Lemon LEM - Lime

MUS - Mustard MUS - Wasabi

PEP - Peppermint PEP - Chewing Gum

HEET

MUS - Garlic / Onion

Fig. 4 Color matching as function of associated odor source: exemplary color patches for three odors. Patches are sorted by color, not by subject

them correctly. We therefore contrasted the ratings of incorrect-
ly named odors against correct identifications or near misses
and found a significant difference in abstract-realistic ratings
(#298) =—6.298; p < 0.001; Micorrees = 3-03, SDincorrect = 2.03,
Meomect =4-67, SDcorrect = 2.28).

Image Analysis

Interestingly, the most salient characteristic of many images
was their concreteness: despite an explicit demand not to draw
real items, subjects frequently visualized tangible objects rath-
er than abstract patterns or shapes. And these objects often
depicted, not surprisingly, an odor source or a related item
(like a palm for COC). That is, visualized shape associations
were in this setting strongly affected by the participants’ odor
source considerations which resulted in findings that

Table 5 Results of repeated-measure ANOVAs for shape dimensions:
the subjects’ ratings (left) and image analysis (right)

Dimension Subjects’ ratings Image analysis
F P F p

“Maluma”—Takete” 4.353 <0.001 2.646 0.014
Regular—irregular 3.510 0.003 2.925 0.009
Small-big 1.590 0.144 1.067 0.385
Abstract-realistic 4.084 <0.001 0.510 0.800
Simple—complex 3.029 0.007 1222 0.296
Geometric—organic 8.044 <0.001 2.206 0.046

@ Springer

contradict previous research. The mappings of LEM, for ex-
ample, were often curved rather than angular and sharp as
reported by Hanson-Vaux et al. (2013); they displayed circles
or more or less obvious lemons (Fig. 7a). The same pattern
was found for PEP (illustration of leaves or chewing gum, Fig.
7b), MUS (illustration of mustard “blobs” or onion and garlic
bulbs, Fig. 7c), and ISO (illustration of candy, Fig. 7d). Every
time, an odor source could be named and imagined with cer-
tain ease, this was expressed in the visualization. Note, that in
several cases, visualizations illustrated the correct odor source,
but subjects were unable to name this odorant with accuracy in
the subsequent identification task.

In order to analyze shape features of the images in more detail,
images were rated on the six shape dimensions used in the eval-
uation task—by one well-informed and two naive raters. Images
were decolorized and presented on a computer screen. Naive
subjects were untrained and unaware that the images originated
from the visualization of odors. Assignment and order of images
were fully randomized. Raters repeated the evaluation of all 300
images 7 days after the first session, i.e., eventually each drawing
was rated six times (three raters, two sessions). Intra-rater reli-
ability (0.85-0.92 across 1 week) as well as inter-rater reliability
(0.74-0.84) reached adequate levels. Scores of the six ratings
were averaged for each image to display results for the shape
dimensions across all odors (Fig. 6).

At a first glance, the shape profiles created from image
analysis show very similar patterns for all ten odors. To test
whether odor makes a difference in what subjects visualize
(with respect to these dimensions), we again applied
repeated-measure ANOVAs (Greenhouse—Geisser corrected)
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Table 6 (a) Spearman correlation

between perceptual and shape Dimension M-T R-I S-B A-R S-C G-0
dimension ratings. (b) Spearman
correlation between perceptual a
and image analysis ratings Intensity 0.348%* 0.203%* 0.190*+  —0.074 0.189%#  —(.151%*
Pleasantness —0.370%* 0.329%*  —0.099 0.345%%  —0.264** 0.261%*
Edibility —0.235%%  —0255%*  —0.139* 0.374%*%  —0.205%* 0.296%*
Temperature —0.344%* 0.030 0.075 0.097 —0.027 0.405%*
Masculinity—femininity =~ —0.412**  —0.101 —0.041 0.026 —0.047 0.228%*
b
Intensity 0.134%* 0.046 0.026 —0.106 0.058 —0.081
Pleasantness —0.141* —0.091 —0.049 0.031 —0.007 0.087
Edibility —0.124* —0.034 —0.035 0.038 0.040 0.141%*
Temperature —0.089 0.200%* 0.034 —0.058 0.050 0.083
Masculinity—femininity ~ —0.197** 0.054 0.076 0.079 0.055 0.131%*

M-T = gb-%;;/? R-I regular—irregular, S—B small-big, A—R abstract—realistic, S—C simple—complex, G-O
geometric—organic
*p <0.05; *¥p<0.01

and found significant differences for only three dimensions  geometric—organic ISO-TUR, p =.067). Also, when directly
(Table 5). On each dimension post hoc tests (Bonferroni ~ comparing the results of the subjects’ shape ratings and the
corrected) revealed a significant difference for only one pair ~ image analysis, correlations ranged from zero to moderate
of odors (in brackets) Maluma—Takete (PEP-LEM, association (Online Resource 5). The highest correlation was
p <0.001), regular—irregular (MUS-LEM, p=.028), and  found for the angularity dimension (»;=0.319; p <0.01),

Fig. 5 a Mean scores of ag
angularity and intensity ratings
across odors. b Mean scores of 7

angularity and pleasantness
ratings across odors

1 —@— Angularity
Intensity
0
ANI CIN coc ELD 1SO LEM MUS PAT PEP TUR
b 8

“ I N //

1 —@— Angularity

Pleasantness

ANI CIN coc ELD ISO LEM MUS PAT PEP TUR
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Shape Dimension Ratings
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Fig. 6 Shape profiles for each odor across all judgments and as a function of assumed odor source name, left column: shape dimension ratings; right

column: ratings from image analysis

probably because the visible symbols prompted participants to
really visualize a given odor compared to the verbally an-
chored dimensions.

In comparison to the dimension ratings, images tended to
be rather irregular (8 of 10 odors and 160 of 300 cases with

@ Springer

higher R—I ratings for images), simple (10 of 10 odors and 180
of 300 cases with lower S—C ratings for images), and organic
(9 of 10 odors and 176 of 300 cases with higher G-O ratings
for images). While shape ratings correlate moderately with
intensity and pleasantness scores, we found no relationship
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Fig. 6 (continued)

between any perceptual dimension and the image analysis
results (Table 6(b)).

The image analysis revealed two basic findings: (a) drawings
varied only marginally across odors when a comparison was solely
based on the shape-related dimensions we applied. (b) Rating and
freely drawing the shape association of an odor produced very

O R, N WA UL N O R, N WA VIO N O R N W s UL O N O R N WA UL N

O R N WH U N

M-T R4 SB AR SC GO
/ g
MT R4 SB AR SC GO

different results when a comparison was based on the shape-
related dimensions we applied. That is rating and creating a shape
from an odor perception result very different things.

What can we learn from this divergence? First, we might
question which aspect of odor—shape associations has been actu-
ally assessed by shape dimension ratings in previous studies

@ Springer
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<« Fig. 7 a Image examples for odor sample LEM showing lemons and

limes. b Image examples for odor sample PEP showing leaves or
chewing gum. ¢ Image examples for odor sample MUS showing
mustard blobs or onion and garlic bulbs. d Image examples for odor
sample ISO showing candy

and—with respect to our approach—whether these dimensions
are useful to capture shape features of free drawings in a proper
sense. It appears that these dimensions focus on zow something
is visualized rather than what is visualized. They, hence,
overlooked the content of an image and differences in its seman-
tics. When we, however, expect that color as well as shape visu-
alizations were strongly affected by semantic considerations, it is
not surprising to find very similar shape dimension profiles for
very diverse drawings of patterns and shapes. In future research,
a different measurement approach, i.c., way to analyze images in
terms of their content should be applied.

Discussion

The results of the present study confirm a range of previous
findings on the existence of reliable crossmodal associations
between smell and vision. Moreover, it supports a better un-
derstanding of the principles behind these crossmodal
matchings by demonstrating how a person’s considerations
about an odor or more specifically about its source may affect
associations with colors and shapes. Indications for the lexi-
cal-semantic nature of odor associations have been found in
several empirical works on odor—color mappings (Table 1(a)).
But these insights have been repeatedly discarded with refer-
ence to (a) a general difficulty of untrained subjects to name
odors correctly (Cain 1979; Cain and Potts 1996; Cain et al.
1998; Desor and Beauchamp 1974; Wijk and Cain 1994) or
(b) visual associations that did not reflect an odor’s source one
to one (Maric and Jacquot 2013). These arguments, however,
disregard that a lexical-semantic involvement does not require
the correct identification of an odor, but rather any kind of
source consideration triggered by an odorous stimulus.
Olofsson and Gottfried (2015) assumed that (source) object
representations manifest on an early stage of olfactory
encoding, presumably even ahead of valence encoding. This
assumption has been supported by the finding that behavioral
responses are slower when decisions are based on accessing
the valence of an odor compared to odor object features
(Olofsson 2014; Olofsson et al. 2013). That is, crossmodal
associations (of any dimension) might be initiated by an ol-
factory sensation even along with poor odor naming. Further,
crossmodal mappings may not simply mirror the visual fea-
tures of a natural source but rather express real experiences
with certain odors. That is, even, if we do not find a visible one
to one relation to an object that emanates an odor, a matching
can still reflect a source-based color matching strategy.
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If mentioned, semantic principles of odor mapping have
been a sideline in many publications and authors have usually
called for additional empirical evidence to better understand
these mechanisms. Basically, if odor—color matching depends
on odor source naming, (a) colors should differ with changing
labels for identical odors but (b) only in cultures and lan-
guages that classify odors with respect to their sources rather
than in abstract terms. Interestingly, both assumptions have
received empirical evidence: (a) Zellner et al. (2008) conduct-
ed one of the first studies to purposefully asses the influence of
semantic labels attached to an odor. They asked subjects to
rate six fine fragrances on the dimensions masculinity/
femininity and to select appropriate colors for each odor. In
agreement with our hypothesis, they reported “The choice of
masculine and feminine colors as corresponding to an odor is
based on thinking about the odor as masculine or feminine”
(p. 220)—even though subjects were asked to rate masculinity
and femininity only after color matching. (b) Valk and
colleagues (2016) evaluated odor—color associations for
Western European participants as well as for speakers of
Maniq and Thai—two languages that use abstract terms com-
parably often as source-based terms to describe odors. Their
findings support the assumption that color mappings are reli-
able and object related when a language depends on source
references while associations are less consistent and object
independent in abstract languages: “This suggests an impor-
tant strategy for assigning colors to odors via language” (p. 8).

In accordance with these studies, our results promote the
assumption of lexical-semantic principles beneath odors as-
sociations. However, considering our data, this approach may
fall short in explaining both color and shape mappings.

Odor-Color Associations

Odors produce distinct and reliable color profiles. These color
mappings often reflect the imagery of a natural source and—
more interestingly—they change with source labels. That is,
different identifications of the same sensory input go along
with different color selections and these mappings are equally
consistent. Color or odor terms were neither presented nor
requested in any task in order to avoid an active recall of
semantic associations. However, the results suggest that
smelling an odor triggers identification attempts
(automatically) and that odor source assumptions shape the
characteristics of visual mappings. When a sample was iden-
tified as lemon, participants predominantly opted for yellow,
while they preferred green when naming it lime.

Color mappings may, however, be rooted on a very abstract
level. Rather than simply reflecting the imagery of a natural
source they may be based on associated products and their
packaging (CIN—red wrapped chewing gum) or the context
of their use in everyday life, on activities or related objects
(TUR—bright pink of nail polish) or on brands and how they

are represented in advertising (COC—clear blue Caribbean
Sea; coconut-flavored confectionery Raffaello has been adver-
tised in a Caribbean beach setting for more than two decades).
Meanwhile, uncommon odors produce less meaningful and
inconsistent color matchings. Their color profiles provide
hints (not evidence) that hue mappings might be mediated
by pleasantness evaluations as it has been reported by recent
studies (Fiore 1993; Hanson-Vaux et al. 2013; Jacquot et al.
2016; Kemp and Gilbert 1997; Maric and Jacquot 2013;
Schifferstein and Tanudjaja 2004; Zellner et al. 2008)—when
odor source information is mentally not accessible with ease.
We assessed the uncommon odor samples PAT and ELD (0%
correct identifications each) and contrasted the color map-
pings of more and less pleasant and intense odor ratings, re-
spectively. Data was divided in two subgroups based on me-
dian split for pleasantness and intensity scores. Although sam-
ples were too small for further statistical analyses, the less and
more pleasant evaluations went along with different hue pro-
files for PAT, but not for ELD.

We could not find a link between odor quality and color
lightness or saturation, although other studies have often re-
ported such mappings. This does, however, not indicate a
missing relationship. It may rather be due to the study ap-
proach that expected untrained participants to first choose a
color hue and thereafter modify saturation and lightness. It is
likely that subjects were simply not able (because not used to)
to vary all three-color dimensions and thus focused on color
hue, leaving lightness and saturation mostly unattended.
Interestingly, we found a relationship between the temperature
(score) and color hue matched with a given odor. However, we
did not find that this relation was based on learned color—
temperature relations (blue—cold, red-hot). It rather reflected
the imagined gustatory effect (cool, refreshing, hot, and spicy)
of an associated food or even the imagined temperature of a
related context. While PEP (M=1.87;, SD=1.33) and ISO
(M=2.20; SD=1.81) were rated cold, CIN (M =6.10; SD =
1.73) was regarded warm and so was COC (M =5.30; SD=
1.93). These relations only partly overlap with our everyday
life color—temperature conjunction, for example, when prod-
uct packaging is based on this learned linkage (ISO—ice
drops—cooling effect—blue packaging). On the one hand,
this provides another hint for our assumption of source-
based crossmodal associations; on the other hand, it shows
how odor identifications may prompt taste associations that
additionally affect color mappings (Spence et al. 2015).

Odor-Shape Associations

The few published studies on odor—shape correspondences
come to the very clear conclusion that shape mappings are
predominantly mediated by hedonics and perceived intensity
(presumably in the sense of trigeminal stimulation). When
subjects were asked to pair abstract symbols and odors (Seo

@ Springer



110

Chem. Percept. (2018) 11:95-111

et al. 2010) or to rate odors against an angularity dimension
(Crisinel et al. 2013; Hanson-Vaux et al. 2013), pleasant odors
were usually associated with round, organic forms, while un-
pleasant, intense odors were regarded as more angular and
geometric. In these studies, shape mappings were approached
by the comparison of an olfactory percept to two or more
abstract symbols that varied in angularity (rather than size,
complexity, abstractness etc.). While pleasantness and inten-
sity may be indeed important factors of associations between
odors and more or less angular symbols, the results addition-
ally provide indications for the mediating role of taste quali-
ties: odors associated with a sour taste (lemon) have been
evaluated as angular, sweet tastes (vanilla) as rounded
(Hanson-Vaux et al. 2013; Seo et al. 2010). Interestingly, even
then, some findings in previous research suggest that these
dimensions may not explain the crossmodal mappings thor-
oughly: in the study of Hanson-Vaux et al. (2013), for exam-
ple, odors of apple, blackberry, raspberry, or apricot and, what
is more, mushroom was rated as more rounded and organic
than honey, caramel, or almond while they have been evalu-
ated as more pleasant or sweet elsewhere (Chrea et al. 2004;
Ferdenzi et al. 2013). In these cases, lexical-semantic princi-
ples could assist in understanding these mappings. However,
these inferences are no more than speculations at this point.
In our study, we took a very different approach on shape
mappings and asked subjects to rate odors on several shape-
related dimensions and to create rather than match visual as-
sociations. Different to color mappings, we cannot simply
attribute the results to the imagery of an odor’s source, as
dimensions ratings and free drawings produced very dissimi-
lar results. At this point, we may not judge with certainty
which approach-captured shape features in the proper sense.
In agreement with previous studies, we found moderate rela-
tions between shape ratings, primarily the angularity scale,
and pleasantness or intensity, respectively, indicating a medi-
ating role for crossmodal mappings. Each odor produced a
somewhat distinct rating pattern on shape dimensions, al-
though differences between samples and especially for differ-
ent identifications of one and the same odor were less empha-
sized than for color mappings. Meanwhile, in the analysis of
drawings, odors did not make a difference along these dimen-
sions. This does not indicate that images did not differ, but
variance was not systematically detected between odors. In
fact, we observed that participants (despite an explicit demand
not to do so) often tended to visualize figurative shapes and
odor objects. However, these differences in image content
were not assessed by the dimension-based picture analysis:
The outline of a peppermint leaf and a lemon might produce
comparable scores on angularity, complexity, abstractness,
etc., although—concerning semantics—they display
completely different things. For now, it remains difficult to
contrast results of odor—shape matchings, odor-based shape
ratings, and odor-based drawings in order to understand the
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nature of odor associations. Future research should thus ad-
dress the question of how shape association can actually be
measured and find reliable means to assess the semantic con-
tent of an image and its relation to an odor source. We should,
however, keep in mind, that for naive participants, source-
based crossmodal associations might not automatically show
in the visualization of a natural source, but will be based on
related food or drinks, products or brands, contexts of personal
usage, or even advertised settings.

It appears like an absurdity of odor processing: Though we
are lacking an odor-specific vocabulary odor processing
seems to be even more language dependent than any other
sensory modality. On closer examination, this dependency is
anything but absurd: as we rely on a “borrowed language” that
mainly refers to an odor’s source and its non-olfactory features
(for a review, see Deroy et al. (2013) and Kaeppler and
Mueller (2013)), these features from other sensory modalities
become an integral part of odor processing and evaluation. We
find the effect of this dependency in the lexical-semantic na-
ture of crossmodal associations between odor and vision.

Future research on crossmodal associations may focus on
the mediating role of both pleasantness and intensity for
odors that are difficult to identify and do not elicit labels
(or related context information) with ease. Further empirical
work is especially needed on odor-induced shape associa-
tions as well as on the bi-directionality of associations be-
tween olfaction and vision, as it has been proven for taste
qualities (Spence et al. 2015).
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