
Projet LBA �
The Living Book of  Anatomy

Mélaine Cherdieu (Post-Doc)
En collaboration avec Pascal Perrier et Amélie Rochet-Capellan

Embodiment and sensorimotor 
exploration to improve the efficacy 

of  functional anatomy learning



Apprentissage de l’anatomie

2

Essential Anatomy 5



Atlas d’anatomie humaine





Apprentissage de l’anatomie

3

Zygote Body



Anatomie 3D (univadis)





Apprentissage de l’anatomie 

4

Lu et al. 2010



Kamphuis et al. 2014



system. After properly configured, users can explore the 3D 
structures and multimedia content with gestures.  

3.5 Multi-touch interface 

Multi touch interaction technologies used in most recent 
interactive learning applications which provides better 
experience for users. In addition to that using multi touch 
interface, multiple users can interact with system 
simultaneously with the virtual models which is not 
possible with the traditional learning applications. Having 
such system Medical students are able to use the system to 

browse and explore the human’s body structures through 
virtual reality with hand gestures very easily and teachers 
will be able to easily customize the Software if they want 
students to focus on certain anatomy or part of a structure. 
They can also label and annotate structures with various 
media like text, image, animation, video, power point 
presentations. The students can browse these structure 
models like they are really in a virtual world. They can 
rotate, zoom in/out, or show part of the models, and focus 
certain parts of the anatomy for their leaning process. The 
figure 5 illustrates snapshot of the prototype system using 
touch screen. 

 

 

 

 

 

          

 

4.  

4. SYSTEM EVALUATION 

We have developed this learning tool in C++ on Windows. 
There are no special hardware requirements and the 
software can be deployed to the normal desktop personal 
computer with similar configuration.  

The main interface of the software is showed in figure 6(a). 
Left write part is the control bar of the anatomy structure 
and the right is the 3D scene. The figure 6(b) shows the 
interactive clipping process of the CT data. It is powerful to 
distinguish the space relationships of the different structures. 
The users are easy to associate the 3D models to the real 
pixels in the CT data. In figure 6(c) and 6(d), we 
demonstrate the effect of the mixed rendering of surface  

 

and volume and the clipping process of the volume data. In 
last figure 6(e), It is a real structure of flail chest and 
pneumothorax. The different colors and shape contraction  

 

show the injury parts and the results in consequence to the 
users.  

4. CONCLUSION  

In this project, we have proposed a novel framework of the 
e-learning software and implemented a prototype system. It 
successfully integrates the 3D anatomy models and other 
course materials in the existing themes in the project. The 
software has the following features: 

1. All 3D models are created using anonymised 
patient CT dataset. Key structures are selected 
based on core teaching content. 

2. 2 .It’s a 3D system so students can browse these 
structure models. They can rotate, zoom in/out, or 
show part of the models, focus certain anatomy. 
The user interface is quick, easy to use and 
intuitive. 

Figure 3 Flowchart of the masked volume rendering 
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Figure 4: prototype of the online and mobile learning system  

costly. And so far, no objective empirical evidence exists concerning the
effectiveness of dissection classes for learning anatomy [17].

AR technology could offer an additional teaching method for anatomy education,
depending on how it is implemented. Strong points are the visualization capabilities
including the 3D rendering of anatomical imagery. Other sensory experiences could
be implemented as well, such as tactile feedback. AR provides real-time
manipulation of these visualizations and direct feedback to students. With that,
AR technology could comply with some of the affordances of traditional dissection
classes.

Several AR systems have already been developed specifically for anatomy
education [19–21]. Blum et al. [21] describe the magic mirror (‘Miracle’) which is an
AR system that can be used for undergraduate anatomy education. The set-up of that
system is as follows. The trainee stands in front of a TV screen that has a camera and
the Kinect attached to it. The camera image of the trainee is flipped horizontally and
shown on the TV screen, mimicking a mirror function (Fig. 2). Part of an anonymous
CT dataset is augmented to the user’s body and shown on the TV screen. This creates
the illusion that the trainee can look inside his body. A gesture-based user interface
allows real time manipulation of the visualization of the CT data. The trainee can
scroll through the dataset in sagittal, transverse and coronal slice mode, by using
different hand gestures.

The Miracle offers several advantages for anatomy education depending on how it
is embedded in the medical curriculum. It uses relatively inexpensive materials
(Kinect, camera and TV) compared with the dissection materials. It provides a
meaningful context (the whole human body) compared with textbook descriptions
and stand-alone graphical presentations of anatomical structures (e.g. pictures,

Fig. 2 A screenshot of the magic mirror ‘Miracle’ that augments CT data onto the body of a trainee
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Apprentissage de l’anatomie
Ø  Lié au capacités visuo-spatiales (Berney et al. 2015 ; Lufler et al. 2012 ; Guillot et al. 2007 ; 

Garg et al. 2001)

Ø  Utilisation de la 3D ? Pas de consensus

- - - Ostéologie du fémur (Hoyek et al. non publié). Habiletés en chirurgie (Roach et al. 

2012 ; Prinz et al. 2005 ; Hanna et al. 1998). Squelettte (Khalil et al. 2005)

+++ Anatomie de l’oreille (Jang et al. 2010 ; Abid et al. 2007 ; Nicholson et al. 2006). 
Apprentissage du système musculo-squelettique (Hoyek et al. 2014)

Ø  Dépend des sujets étudiés, des capacités visuo-spatiales des 
participants, du contexte, de la pertinence de la méthode (Hoyek et al. 2014)
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Implication du corps ? 

Ø  Traçage et pointage pour l’apprentissage de la structure et de la 
fonction du cœur (Macken et Ginns 2014)

Ø  Exploration active vs passive : Meilleure reconnaissance (Meijer et al. 

2011, Sasaoka et al. 2010) ou reconnaissance plus rapide (James et al. 2001 ; Harman et al. 

1999) d’objets. Meilleure reconnaissance de visages (Liu et al. 2007). Meilleure 
estimation des distances (Péruch et Wilson 2004). 

Ø  Influence des gestes dans l’apprentissage chez les enfants (Goldin-Meadow 

Lab).

Ø  Ecran tactile / Réalité virtuelle : apprentissage procédural 
(Buchanan et al . 2015) ou sélection d’objets (North et al. 2009) via écran tactile. 
Manipulation d’objets via un cube (James et al. 2002).
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Apprentissage procédural
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(a) Assemble Clutch (b) Test and adjust clutch (c) Install spark plug (d) Configure wiring

Figure 3: The four different sub-tasks (3a - 3d) shown on the physical bicycle apparatus (top), and in the virtual environment
(bottom).

we focus on 2D multi-touch gestures. We aim to expand
upon these results in virtual procedural training by explor-
ing whether multi-touch interaction, which leverages realistic
gestures, can perform as well as training on the real equip-
ment.

TRAINING SYSTEMS AND TASK
The selected experimental task consisted of assembling and
testing part of a 2-stroke bicycle-mounted engine (shown in
Figure 2). The apparatus and task were selected based upon a
number of constraints: (1) the task should use tools, parts and
gestures that would be applicable to industrial, defense, or
medical tasks, (2) the apparatus should be able to fit into our
lab, (3) the task should be safe for all participants to perform,
(4) the task should be significantly complex and non-obvious
that a layman could not complete it without prior training.
These constraints led us to repairing a 2-stroke bicycle engine
where participants could assemble, test and adjust the clutch
and other parts.

The overall task consisted of 22 steps grouped into 4
sub-tasks (shown in Figure 3): (1) clutch assembly, (2)
clutch functionality testing and adjustments, (3) spark plug
installation, and (4) wire configuration. Some examples of
the operations participants had to perform are: tightening
the clutch wheel nut to adjust the clutch plate, tightening
screws with a screwdriver, installing the spark plug with a
socket wrench, and plugging in wires. The task also required
verifying the correct clutch plate tightness, where the engine
needed to be disengaged with the clutch in and engaged with
the clutch out. If either of these conditions are not true the
clutch plate should be looser or tighter respectively. In total,
participants had to manipulate roughly 25 parts, and use
three different types of tools (shown in Figure 2b).

Motorized Bicycle
The physical apparatus was a motorized bicycle mounted on
a small stand to allow pedaling the bike freely in place for
testing purposes. The participants that trained on the physi-
cal bicycle had the advantage of experiencing the affordances
provided by each of the tools and parts involved in the task.
For instance, understanding the correct tightness of the clutch
plate is an important step in the process. This can be experi-
enced by tightening the nut about 80% of the way and making
sure the clutch plate still has about 1/8” of movement. As de-
scribed above, correct clutch plate tightness can be verified
by pedaling the bike with both the clutch in and the clutch
out. The user can verify the engine is disengaged visually
by looking at the gears and observing the relative easiness
of pedaling the bike. With the engine engaged, the user can
feel that the bike is more difficult to pedal and hear the en-
gine making a chugging sound. The ability to examine the
parts and bike apparatus from any viewpoint or zoom level is
also an advantage the physical model provides. As described
above, the physical bicycle provides feedback in the form of
opposing forces and aural and visual cues.

Virtual Model and Multi-touch Interaction
The virtual environment contained a detailed, working model
of the bicycle, engine, components and tools involved (shown
in Figure 1). A tool bar was also provided so that if a user was
zoomed into a certain area of the bike they wouldn’t have to
zoom out to select a part from the table. Users could select
the tool or part needed from the tool bar and it would hover
next to the button. Each corresponding step in the task was
replicated in the virtual model and required interaction. We
ensured both the multi-touch and mouse interaction required
the same number of steps to complete the task.

Previous work on user-defined multi-touch gestures for 3D
objects influenced our multi-touch interaction model [4].
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 Understanding Multi-touch Manipulation for Surface Computing 239 

Our study tasks, described below, involved selecting and moving colored circles on 
a canvas. We were particularly interested in multi-touch support for single and group 
selection of such objects. To provide a study platform for comparison with standard 
mouse-based desktop and physical objects conditions, we had to make some interac-
tion design decisions for our baseline multi-touch system. Our design incorporates 
several assumptions about supporting object manipulation for surface computing: 
• One or two fingers touching the surface should select individual objects. 
• A full hand, or three or more fingers touching the surface, should select groups 

of objects. 
• Contacts far apart probably indicate separate selections (or accidental contact) 

instead of a very large group. Unintentionally selecting a large group is more 
detrimental than selecting small groups. 

• Multiple contacts that are near each other but initiated at different times are 
probably intended to be separate selections. Synchronous action might indicate 
coordinated intention. 

The system (Fig. 1) is implemented on the Microsoft Surface [8], a rear-projection 
multi-touch tabletop display. The Surface Software Development Kit provides basic 
support for hit testing of users’ contact points on the display. It also provides coordi-
nates and an ellipsoidal approximation of the shape of the contact, as well as contact 
touch, move, and release events.  

Our testing implementation supports selecting and dragging small colored circles 
both individually and in groups. The interaction design was intentionally kept simple 
to support our formative study goals. Contacts from fingers and palms select all the 
circles within their area. As feedback of a successful selection, the circles are high-
lighted by changing the color of their perimeters, and can be dragged to a new posi-
tion. From there, they can be released and de-selected. A (small) fingertip contact 
selects only the topmost circle under the contact, enabling users to separate overlap-
ping circles. Large contacts such as palms select all circles under the contact. Using 
multiple fingers and hands, users can manipulate multiple circles by such direct selec-
tion and move them independently. Such direct selection techniques are fairly stan-
dard on multi-touch interfaces. 

We also provide an analogue to the usual mouse-based rectangular marquee selec-
tion of groups of objects. However, a simple rectangular marquee selection does not 
make effective use of the multi-touch capability. Instead, the users can multi-select by 
defining a convex hull with three or more fingers. If three or more contacts occur  
 

 

Fig. 1. Left: The system at the start of Task 1. Right: One-handed hull selection technique. 
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Fig. 2. (Left) Physical condition and (Right) Mouse condition 

Since our goal is to compare the Surface condition against the other two condi-
tions, each participant used only two conditions: Surface and one of the others. Users 
were randomly divided into one of four groups: Physical then Surface (PS), Surface 
then Physical (SP), Mouse then Surface (MS), Surface then Mouse (SM). This re-
sulted in participants’ data for 32 Surface, 16 Physical and 16 Mouse. 

4.3   Tasks 

Participants performed four tasks, each task requiring spatially organizing a large 
number of small objects. The first and second tasks were intended to model how ana-
lysts might spatially cluster documents based on topics, and manage space as they 
work on a set of documents, and were designed to capture longer-term interaction 
strategies. The tasks required a significant amount of interaction by the participants 
and gave them a chance to explore the interface.  

All participants worked on the four tasks in the same order, and were not initially 
trained on the surface or our application. Participants were presented with a table of 
200 small circles, with 50 of each color: red, green, blue, and white. Fig. 1 illustrates 
the 200 circles on a Surface at the start of the first task, positioned randomly in small 
clusters.  

With the exception of Task 3, which was timed, we encouraged participants to 
think aloud while performing the tasks so that we could learn their intentions and 
strategies.  

Task 1: Clustering task. This task was designed to elicit users’ intuitive sense of 
how to use gestures on the surface. The task was to organize the blue and white cir-
cles into two separate clusters that could be clearly divided from all others. Partici-
pants were told that the task would be complete when they could draw a line around 
the cluster without enclosing any circles of a different color. Fig. 3. shows one possi-
ble end condition of Task 1.  

Task 2: Spreading Task. Participants spread out the blue cluster such that no blue 
circles overlap, moving other circles to make room as needed. Participants start this 
task with the end result of their Task 1.  
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LEARNING�OBJECT�STRUCTURE�IN�VR 385

Image�construction�and�presentation .�The�images�were�ini-
tially�designed�and�constructed�using�Specular�Infini-D�running�on
a�Macintosh�computer.�Once�designed,�the�images�were�converted
to�a�VRML�format�for�presentation.�A�Silicon�Graphics�Performer
program�was�used�to�present�the�object�image.�A�CAVElib�(VRCO)
program� tracked� and�recorded� the�movement�of�the�input�device
and�then�rendered�the�object�images�on�multiple�screens.

Design�and�Procedure
Study�session .�The�design�of�the�present�study�was�the�same�as

that�used�in�Harman�et al.�(1999).�The�participants�studied�half�of�the
objects�actively�and�half�passively.�The�active�and�passive�trials�were
run�in�separate�blocks,�and�the�order�of�the�blocks�was�counterbal-
anced�across�participants.�Within�the�blocks,�the�order�of�object�pre-
sentation�was�randomized�across�participants.�During�active�explo-
ration,�the�participants�were�told�to�study�each�object�carefully�from
all�angles,� so�that�they�had�a�good�idea�of�the�object’s�3-D�shape.
They�were�also�told�to�keep�their�heads�still�throughout� the�study
session,�and�this�was�monitored�by�the�experimenter.� The�partici-
pants�were�seated�approximately�75 cm�from�the�distant�wall�of�the
VR�CAVE,�wearing�goggles�to�view�the�objects�in�apparent�3-D�and
holding� the�input�box�with�which� they�were�to�control� the�object
movement�(see�Figure 2).�After�40 sec�of�practice�with�two�objects,
the�study�phase�of�the�experiment�began.�If�the�participants�started
with�the�active exploration� condition,� an�image�of�a�3-D�object
would�appear�in�front�of�them.�The�initial�orientation�of�the�object
at�the�beginning�of�each�exploration�trial�was�determined�by�the�ori-
entation�in�which�the�participant�was�holding�the�input�device�when
the�trial�began.� Inspection� of�these�orientations� indicated� consid-
erable�variation� across�participants,� as�well�as�within�participants
across� trials,� in�the�selection of�the�object’s�initial� orientation.
Throughout�a�trial,�the�participants�were�free�to�move�the�input�box
in�any�orientation�in�three�dimensions.�The�rotation�of�the�input�box
was�reflected�directly�in�the�rotation�of�the�object�(e.g.,�if�the�partic-
ipant�rotated�the�box�counterclockwise� at�a�particular�speed,�the�ob-

ject�rotated�in�the�same�direction�with�the�same�speed).�The�partici-
pant�was�therefore�able�to�rotate�the�3-D�object�in�any�orientation�in
three�dimensions�for�20 sec.�Any�translation�movements�made�by�the
participant�were�not�incorporated�into�the�visual�display,�whose�axes
of�rotation�remained�fixed.�The�temporal�lag�between�movement�ini-
tiation�by�the�participant�and�rendering�of�the�new�position�of�the�ob-
ject�was�never�greater�than�25 msec.�This�short�lag�gave�the�impres-
sion�of�coincident�movement.

The�mapping�of�the�input�box�onto�the�object�was�such�that�the�top
of�the�object�corresponded�to�the�top�of�the�box�and�the�principal�axis
of�the�box�was�perpendicular� to�the�principal�axis�of�the�object.�This
meant�that�when�the�participant� held�the�input�box�with�two�hands,
the�foreshortened� view�of�the�front�of�the�object�was�directly�facing
the�participant.� The�participants� rotated�10�objects� actively,�after
which�they�were�presented� with�an�additional� 10�objects� that�were
viewed�passively�(or�vice�versa).�In�the�passive�condition,�the�partic-
ipants�did�not�move�the�objects;� rather,� the�objects�moved�on�their
own.�In�fact,�this�movement�was�a�recording�of�a�previous� partici-
pant’s�active�exploration�of�that�particular�object.�During�this�passive
condition,�the�participants�were�instructed�to�simply�watch�the�object
and�try�to�remember�its�appearance.� There�was�a�5-sec�interval�be-
tween�each�20-sec�study�trial�in�both�the�active�and�the�passive�con-
ditions.�After�all�20�objects�had�been�studied,�the�test�session�began.

Test�session .�The�test�session�also� took�place�within�the�VR
CAVE.�The�participants�were�still�required� to�wear�the�goggles�but
were�not�required�to�manipulate�the�input�device.�During�the�test�ses-
sion,�static,�virtual�3-D�images�of�the�20�study�objects�and�20�simi-
lar,�unstudied�objects�were�presented�from�four�different�viewpoints
individually� (Figure 3).�Each�object�was�presented�as�follows:�from
the�front,�with�the�axis�of�elongation� parallel� to�the�line�of�sight;
from�the�side,�with�the�axis�of�elongation�perpendicular� to�the�line
of�sight;� from�an�intermediate� front�view,�which�was�halfway�be-
tween�the�front�and�the�side�views;�and�from�an�intermediate�back
view,�which�was�halfway�between� the�back�and�the�side�views.
Therefore,� the�participants�were�required�to�respond�to�160�images

Figure 2.�Photograph�of�a�participant�seated�in�the�CAVE,�wearing�goggles.�The�objects�appeared�in�front�of�the�par-
ticipants�as�they�rotated�in�three-dimensional�space.

James et al. 2002 



Cognition incarnée (Embodied Cognition)
Ø  Quelques principes de la cognition incarnée (Barsalou 2008 ; Wilson et al. 2002)

Environnement / Corps

Cognition située / Action

Processus communs pour perception et mémoire 



Ø  Langage (Zwaan et al. 2002)

Ø  Emotion (Casasanto & Dijkstra 2010)
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Cognition incarnée (Embodied Cognition)
Ø  Modèles de mémoire à traces multiples

Les traces mnésiques sont multimodales (Versace et al. 2014 ; Whittlesea, 1987 ; Logan 1988 ; 
Hintzman, 1986)



Réactivations sensori-motrices : 

Auditif  (Brunel et al. 2009), Olfactif  (Gottfried et al. 2004), Gustatif  (Simmons et al. 2005) et 
Moteur (Casile et Giese, 2006 ; Martin et al. 1996)
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SMALL Lab (Birchfield et al. Arizona University, School of  Arts, Media and Engineering)  





Notre objectif
Comprendre les mécanismes cognitifs  impliqués dans l’exploration 
sensori-motrice et les utiliser pour améliorer l’apprentissage de l’anatomie



Ø  Apprentissage avec exploration sensori-motrice





Ø  Reconnaissance (ou Reconstruction des stimuli)
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objects such as S-M cubes that we found in Experiment 1, we
applied the same procedure but after equating both stimulus types
in terms of spatial configuration. We expected that in spite of using
atypical postures defined by S-M-cubes spatial configurations,
shape matching of the human body would remain at a cognitive
advantage.

Method

Participants. A total of 25 new individuals (23–41 years old) with
normal or corrected-to-normal vision took part in this experiment.

Stimuli. Six new S-M cubes and body postures were created for the
present experiment using the same software as in Experiment 1. Three of
each stimulus type (S-M cubes vs. postures) were original objects, and
three were mirror figures. In contrast to Experiment 1, the new S-M cubes
and body postures were created to be equivalent in terms of spatial
configuration. The postures are biomechanically possible although unusual
(see Figure 3).

Procedure. The same apparatus, procedure, and experimental design
as in Experiment 1 were used.

Results and Discussion

RTs. Significantly greater RTs were observed for S-M-cubes
pairs as compared with posture pairs, for both picture-plane, F(1,
24) ! 5.42, d ! 0.47, and depth rotations, F(1, 24) ! 8.67, d !
0.59. RTs increased linearly with angular difference for each
stimulus pair type whatever the rotation type (see Table 2 and
Figure 4). Rotation slopes were steeper for S-M-cubes as com-
pared with posture pairs, for both picture-plane, F(1, 24) ! 29.62,
d ! 1.09, and depth rotations, F(1, 24) ! 7.38, d ! 0.54.

Error rates. Significantly greater error rates were observed for
S-M-cubes as compared with posture pairs, for both picture-plane,
F(1, 24) ! 19.82, d ! 0.89, and depth rotations, F(1, 24) ! 7.52,
d ! 0.55. Rotation slopes of error rates for depth rotations were
steeper for S-M-cubes as compared with posture pairs, F(1, 24) !
16.61, d ! 0.82. In contrast, for picture-plane rotations, error rate
increased linearly with angular difference for S-M-cubes pairs,
F(1, 24) ! 49.94, d ! 1.41, but not for posture pairs, F(1, 24) !
1.27, although error rate varied significantly with angular differ-
ence, F(6, 144) ! 2.48 (see Table 2 and Figure 4).

Although putting humans in atypical postures (defined by S-M-
cubes spatial configurations) decreases human body familiarity,
data of Experiment 2 are consistent with those of Experiment 1.
The average RT advantage of body posture pairs over S-M-cubes
pairs (initially observed in Experiment 1) dropped by a factor of
about 4; however, the difference in error rate remained constant.
Likewise, the mental rotation cost associated with S-M-cubes as
compared with posture pairs (6.5 ms/degrees on average) de-
creased in comparison to Experiment 1 (10 ms/degrees), but it is
still important and reliable in terms of effect size (see Tables 1 and
2). The smaller difference between stimulus pair types in Experi-
ment 2 could in part reflect the activation of postural representa-
tions spreading to equivalent S-M-cubes configurations across
trials.

As in Experiment 1, the increase in error rate with angular
difference was negligible or absent for posture pairs and important
for S-M-cubes pairs. This suggests that human postures were
matched with a more holistic mental rotation than S-M-cubes
pairs. However, human postures are not immune to error. The error

rate for depth rotation of posture pairs (see Figure 4) indicates that,
depending on the spatial configuration, there are orientations (e.g.,
60° and 150°) at which stimulus shape turns out to be ambiguous
to figure out the actual spatial configuration of the body (see
Figure 3B)—that is, for solving the initial perceptual encoding of
both objects’ shape and orientation. However, for picture-plane
rotations where the bidimensional shape is preserved across angu-
lar difference, postures are definitely at an advantage. The refer-
ence frames provided by the human body for spatial embodiment
certainly account for this advantage. The role of visual disconti-
nuities in the early stages of the object-comparison process was
acknowledged by Metzler and Shepard (1974). They indeed care-
fully avoided “singular” orientations when constructing their depth
pairs (Metzler & Shepard, 1974), so that an arm of the object

Figure 3. Experiment 2. A: Illustration of the original spatial configura-
tions of Shepard–Metzler (S-M) cubes and counterpart posture stimuli. B:
An example of depth rotation pairs, for “identical” trials of S-M cubes and
posture stimuli, respectively. Here, although the angular difference in depth
(60°) is the same, the spatial configuration of the comparison stimulus of
posture pairs appears more ambiguous than that of S-M-cubes pairs.

333EMBODIED SPATIAL TRANSFORMATIONS
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Stimuli. Six new S-M cubes and body postures were created for the
present experiment using the same software as in Experiment 1. Three of
each stimulus type (S-M cubes vs. postures) were original objects, and
three were mirror figures. In contrast to Experiment 1, the new S-M cubes
and body postures were created to be equivalent in terms of spatial
configuration. The postures are biomechanically possible although unusual
(see Figure 3).

Procedure. The same apparatus, procedure, and experimental design
as in Experiment 1 were used.

Results and Discussion

RTs. Significantly greater RTs were observed for S-M-cubes
pairs as compared with posture pairs, for both picture-plane, F(1,
24) ! 5.42, d ! 0.47, and depth rotations, F(1, 24) ! 8.67, d !
0.59. RTs increased linearly with angular difference for each
stimulus pair type whatever the rotation type (see Table 2 and
Figure 4). Rotation slopes were steeper for S-M-cubes as com-
pared with posture pairs, for both picture-plane, F(1, 24) ! 29.62,
d ! 1.09, and depth rotations, F(1, 24) ! 7.38, d ! 0.54.

Error rates. Significantly greater error rates were observed for
S-M-cubes as compared with posture pairs, for both picture-plane,
F(1, 24) ! 19.82, d ! 0.89, and depth rotations, F(1, 24) ! 7.52,
d ! 0.55. Rotation slopes of error rates for depth rotations were
steeper for S-M-cubes as compared with posture pairs, F(1, 24) !
16.61, d ! 0.82. In contrast, for picture-plane rotations, error rate
increased linearly with angular difference for S-M-cubes pairs,
F(1, 24) ! 49.94, d ! 1.41, but not for posture pairs, F(1, 24) !
1.27, although error rate varied significantly with angular differ-
ence, F(6, 144) ! 2.48 (see Table 2 and Figure 4).

Although putting humans in atypical postures (defined by S-M-
cubes spatial configurations) decreases human body familiarity,
data of Experiment 2 are consistent with those of Experiment 1.
The average RT advantage of body posture pairs over S-M-cubes
pairs (initially observed in Experiment 1) dropped by a factor of
about 4; however, the difference in error rate remained constant.
Likewise, the mental rotation cost associated with S-M-cubes as
compared with posture pairs (6.5 ms/degrees on average) de-
creased in comparison to Experiment 1 (10 ms/degrees), but it is
still important and reliable in terms of effect size (see Tables 1 and
2). The smaller difference between stimulus pair types in Experi-
ment 2 could in part reflect the activation of postural representa-
tions spreading to equivalent S-M-cubes configurations across
trials.

As in Experiment 1, the increase in error rate with angular
difference was negligible or absent for posture pairs and important
for S-M-cubes pairs. This suggests that human postures were
matched with a more holistic mental rotation than S-M-cubes
pairs. However, human postures are not immune to error. The error

rate for depth rotation of posture pairs (see Figure 4) indicates that,
depending on the spatial configuration, there are orientations (e.g.,
60° and 150°) at which stimulus shape turns out to be ambiguous
to figure out the actual spatial configuration of the body (see
Figure 3B)—that is, for solving the initial perceptual encoding of
both objects’ shape and orientation. However, for picture-plane
rotations where the bidimensional shape is preserved across angu-
lar difference, postures are definitely at an advantage. The refer-
ence frames provided by the human body for spatial embodiment
certainly account for this advantage. The role of visual disconti-
nuities in the early stages of the object-comparison process was
acknowledged by Metzler and Shepard (1974). They indeed care-
fully avoided “singular” orientations when constructing their depth
pairs (Metzler & Shepard, 1974), so that an arm of the object

Figure 3. Experiment 2. A: Illustration of the original spatial configura-
tions of Shepard–Metzler (S-M) cubes and counterpart posture stimuli. B:
An example of depth rotation pairs, for “identical” trials of S-M cubes and
posture stimuli, respectively. Here, although the angular difference in depth
(60°) is the same, the spatial configuration of the comparison stimulus of
posture pairs appears more ambiguous than that of S-M-cubes pairs.
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Fig. 1. 

These values were subsequently used to calculate indexes of per-
ceptual sensitivity (d0) and response bias (ß) for the different rele-
vant categories according to the method of Macmillan and
Creelman (2005). Although speed stress was low, we additionally
explored whether effects in the test phase were reflected in RT.

3. Experiment 1

In our first experiment, we examined whether application of
measures derived from signal detection theory can confirm the
idea that active exploration of virtual 3D objects such as used in
earlier studies like Harman et al. (1999), James et al. (2001), and
Meijer and Van den Broek (2010) leads to improved perceptual rec-
ognition. Harman et al. (1999) and James et al. (2002) observed ef-
fects on RT, but no effects were observed on accuracy, which
implies that it is not clear whether active exploration really affects
perceptual recognition. Furthermore, Liu et al. (2007) observed an
advantage on perceptual recognition only for 3D face stimuli but
not for chairs. The latter result might mean that the benefit of ac-
tive exploration on perceptual recognition is restricted to a class of
stimuli that have increased (possibly biological) relevance.

3.1. Method

3.1.1. Participants
Twenty-two participants took part in this experiment (7 males;

15 females; mean age 20.7 years).

3.1.2. Data analysis
Repeated measures ANOVAs were run to investigate a possible

effect of object type (actively explored or passively observed ob-
jects) on d0 and ß to examine whether actively or passively studied
objects differed in their discriminability from new objects. We
additionally focused on RT and included new objects as an extra le-
vel for that variable. Separate t-tests were additionally performed
on d0 to check whether objects were recognized better than chance.
Two additional repeated measures ANOVAs were run for the differ-
ent dependent measures, the first including the factors object type
and object complexity (simple and complex), and the second
including the factors object type and presentation order during
the test condition (four levels). The latter analyses were performed
to check whether there were possible differences due to increased
complexity, which might affect recognition accuracy, and whether
there was a possible confusion due to repeated presentation of an

object in the test phase (although presented from a different an-
gle). These analyses were performed separately as the number of
obtained measurements per cell was too low to include all the fac-
tors in a single analysis.

3.2. Results and discussion

The analysis on d0 revealed a main effect of object type,
F(1,21) = 8.1, p = 0.010, g2 = 0.28. Participants were more sensitive
in recognizing actively studied objects (mean (M) = 1.13, standard
error of the mean (SE) = 0.13) than passively studied objects
(M = 0.59, SE = 0.15). These results are shown in Fig. 2. The analysis
on ß showed no effect of object type, F(1,21) = 2.5, p = 0.128,
g2 = 0.11 (actively studied objects: M = 1.53, SE = 0.17; passively
studied objects: M = 1.41, SE = 0.15). Analyses on RT revealed no
difference in recognition speed between new objects
(M = 1126 ms, SE = 59), passively studied objects (M = 1096 ms,
SE = 95), and actively studied objects (M = 1126 ms, SE = 61),
F(2,42) = 1.1, p = 0.348, g2 = 0.05. Separate t-tests for d0 against
zero for the passively and actively studied objects confirmed that
recognition of studied objects was better than chance, t(21) > 3.9,
p < 0.005.

The additional ANOVAs on d0 revealed neither an effect of object
complexity, F(1,21) = 0.3, nor an interaction between object com-
plexity and object type, F(1,21) = 1.4. Furthermore, neither an ef-
fect of presentation order nor a significant interaction between
presentation order and object type was observed on d0,

Fig. 1. An example of the objects employed in our experiments constructed from geon-like parts. In the upper row objects are displayed consisting of three components
(simple objects) and in the lower row objects are presented consisting of five components (complex objects).

Fig. 2. The effect of active exploration vs. passive observation on perceptual
sensitivity (d0) in the test phase of Experiment 1. Error bars represent the standard
error of the mean (SE).
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objects such as S-M cubes that we found in Experiment 1, we
applied the same procedure but after equating both stimulus types
in terms of spatial configuration. We expected that in spite of using
atypical postures defined by S-M-cubes spatial configurations,
shape matching of the human body would remain at a cognitive
advantage.

Method

Participants. A total of 25 new individuals (23–41 years old) with
normal or corrected-to-normal vision took part in this experiment.

Stimuli. Six new S-M cubes and body postures were created for the
present experiment using the same software as in Experiment 1. Three of
each stimulus type (S-M cubes vs. postures) were original objects, and
three were mirror figures. In contrast to Experiment 1, the new S-M cubes
and body postures were created to be equivalent in terms of spatial
configuration. The postures are biomechanically possible although unusual
(see Figure 3).

Procedure. The same apparatus, procedure, and experimental design
as in Experiment 1 were used.

Results and Discussion

RTs. Significantly greater RTs were observed for S-M-cubes
pairs as compared with posture pairs, for both picture-plane, F(1,
24) ! 5.42, d ! 0.47, and depth rotations, F(1, 24) ! 8.67, d !
0.59. RTs increased linearly with angular difference for each
stimulus pair type whatever the rotation type (see Table 2 and
Figure 4). Rotation slopes were steeper for S-M-cubes as com-
pared with posture pairs, for both picture-plane, F(1, 24) ! 29.62,
d ! 1.09, and depth rotations, F(1, 24) ! 7.38, d ! 0.54.

Error rates. Significantly greater error rates were observed for
S-M-cubes as compared with posture pairs, for both picture-plane,
F(1, 24) ! 19.82, d ! 0.89, and depth rotations, F(1, 24) ! 7.52,
d ! 0.55. Rotation slopes of error rates for depth rotations were
steeper for S-M-cubes as compared with posture pairs, F(1, 24) !
16.61, d ! 0.82. In contrast, for picture-plane rotations, error rate
increased linearly with angular difference for S-M-cubes pairs,
F(1, 24) ! 49.94, d ! 1.41, but not for posture pairs, F(1, 24) !
1.27, although error rate varied significantly with angular differ-
ence, F(6, 144) ! 2.48 (see Table 2 and Figure 4).

Although putting humans in atypical postures (defined by S-M-
cubes spatial configurations) decreases human body familiarity,
data of Experiment 2 are consistent with those of Experiment 1.
The average RT advantage of body posture pairs over S-M-cubes
pairs (initially observed in Experiment 1) dropped by a factor of
about 4; however, the difference in error rate remained constant.
Likewise, the mental rotation cost associated with S-M-cubes as
compared with posture pairs (6.5 ms/degrees on average) de-
creased in comparison to Experiment 1 (10 ms/degrees), but it is
still important and reliable in terms of effect size (see Tables 1 and
2). The smaller difference between stimulus pair types in Experi-
ment 2 could in part reflect the activation of postural representa-
tions spreading to equivalent S-M-cubes configurations across
trials.

As in Experiment 1, the increase in error rate with angular
difference was negligible or absent for posture pairs and important
for S-M-cubes pairs. This suggests that human postures were
matched with a more holistic mental rotation than S-M-cubes
pairs. However, human postures are not immune to error. The error

rate for depth rotation of posture pairs (see Figure 4) indicates that,
depending on the spatial configuration, there are orientations (e.g.,
60° and 150°) at which stimulus shape turns out to be ambiguous
to figure out the actual spatial configuration of the body (see
Figure 3B)—that is, for solving the initial perceptual encoding of
both objects’ shape and orientation. However, for picture-plane
rotations where the bidimensional shape is preserved across angu-
lar difference, postures are definitely at an advantage. The refer-
ence frames provided by the human body for spatial embodiment
certainly account for this advantage. The role of visual disconti-
nuities in the early stages of the object-comparison process was
acknowledged by Metzler and Shepard (1974). They indeed care-
fully avoided “singular” orientations when constructing their depth
pairs (Metzler & Shepard, 1974), so that an arm of the object

Figure 3. Experiment 2. A: Illustration of the original spatial configura-
tions of Shepard–Metzler (S-M) cubes and counterpart posture stimuli. B:
An example of depth rotation pairs, for “identical” trials of S-M cubes and
posture stimuli, respectively. Here, although the angular difference in depth
(60°) is the same, the spatial configuration of the comparison stimulus of
posture pairs appears more ambiguous than that of S-M-cubes pairs.
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objects such as S-M cubes that we found in Experiment 1, we
applied the same procedure but after equating both stimulus types
in terms of spatial configuration. We expected that in spite of using
atypical postures defined by S-M-cubes spatial configurations,
shape matching of the human body would remain at a cognitive
advantage.

Method

Participants. A total of 25 new individuals (23–41 years old) with
normal or corrected-to-normal vision took part in this experiment.

Stimuli. Six new S-M cubes and body postures were created for the
present experiment using the same software as in Experiment 1. Three of
each stimulus type (S-M cubes vs. postures) were original objects, and
three were mirror figures. In contrast to Experiment 1, the new S-M cubes
and body postures were created to be equivalent in terms of spatial
configuration. The postures are biomechanically possible although unusual
(see Figure 3).

Procedure. The same apparatus, procedure, and experimental design
as in Experiment 1 were used.

Results and Discussion

RTs. Significantly greater RTs were observed for S-M-cubes
pairs as compared with posture pairs, for both picture-plane, F(1,
24) ! 5.42, d ! 0.47, and depth rotations, F(1, 24) ! 8.67, d !
0.59. RTs increased linearly with angular difference for each
stimulus pair type whatever the rotation type (see Table 2 and
Figure 4). Rotation slopes were steeper for S-M-cubes as com-
pared with posture pairs, for both picture-plane, F(1, 24) ! 29.62,
d ! 1.09, and depth rotations, F(1, 24) ! 7.38, d ! 0.54.
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F(1, 24) ! 49.94, d ! 1.41, but not for posture pairs, F(1, 24) !
1.27, although error rate varied significantly with angular differ-
ence, F(6, 144) ! 2.48 (see Table 2 and Figure 4).

Although putting humans in atypical postures (defined by S-M-
cubes spatial configurations) decreases human body familiarity,
data of Experiment 2 are consistent with those of Experiment 1.
The average RT advantage of body posture pairs over S-M-cubes
pairs (initially observed in Experiment 1) dropped by a factor of
about 4; however, the difference in error rate remained constant.
Likewise, the mental rotation cost associated with S-M-cubes as
compared with posture pairs (6.5 ms/degrees on average) de-
creased in comparison to Experiment 1 (10 ms/degrees), but it is
still important and reliable in terms of effect size (see Tables 1 and
2). The smaller difference between stimulus pair types in Experi-
ment 2 could in part reflect the activation of postural representa-
tions spreading to equivalent S-M-cubes configurations across
trials.

As in Experiment 1, the increase in error rate with angular
difference was negligible or absent for posture pairs and important
for S-M-cubes pairs. This suggests that human postures were
matched with a more holistic mental rotation than S-M-cubes
pairs. However, human postures are not immune to error. The error

rate for depth rotation of posture pairs (see Figure 4) indicates that,
depending on the spatial configuration, there are orientations (e.g.,
60° and 150°) at which stimulus shape turns out to be ambiguous
to figure out the actual spatial configuration of the body (see
Figure 3B)—that is, for solving the initial perceptual encoding of
both objects’ shape and orientation. However, for picture-plane
rotations where the bidimensional shape is preserved across angu-
lar difference, postures are definitely at an advantage. The refer-
ence frames provided by the human body for spatial embodiment
certainly account for this advantage. The role of visual disconti-
nuities in the early stages of the object-comparison process was
acknowledged by Metzler and Shepard (1974). They indeed care-
fully avoided “singular” orientations when constructing their depth
pairs (Metzler & Shepard, 1974), so that an arm of the object

Figure 3. Experiment 2. A: Illustration of the original spatial configura-
tions of Shepard–Metzler (S-M) cubes and counterpart posture stimuli. B:
An example of depth rotation pairs, for “identical” trials of S-M cubes and
posture stimuli, respectively. Here, although the angular difference in depth
(60°) is the same, the spatial configuration of the comparison stimulus of
posture pairs appears more ambiguous than that of S-M-cubes pairs.

333EMBODIED SPATIAL TRANSFORMATIONS


