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notions of Z-ordering, stacking and layering are common-
place in most tabletop systems.     
In this paper we present a technique for users to seamless-
ly switch between interacting on the tabletop surface to 
above it. Our aim is to leverage the space above the sur-
face in combination with the regular tabletop display to 
allow more intuitive manipulation of digital content in 
3D. Our goal is to design a technique that closely resem-
bles the ways we manipulate physical objects in the real-
world; conceptually, allowing virtual objects to be ‘picked 
up’ off the tabletop surface, with the user lifting and tilt-
ing their hands, to manipulate the 3D position or orienta-
tion of the object in the virtual scene. These above the 
surface interactions complement rather than replace the 
more traditional multi-touch interactions on the tabletop.   
We chart the evolution of this work by describing two 
rear projection-vision prototypes we have built, based on 
a switchable diffuser [19] and a holographic projection 
screen [40]. In both cases it is possible to rear-project an 
image onto the surface whilst simultaneously using a rear-
mounted camera to detect the user’s fingers and hands as 
they interact on the tabletop and in the space above. We 
have present results of using two types of camera system: 
a regular camera used in conjunction with a system of 
diffuse infrared (IR) illumination which allows us to both 
estimate the height of hands and to robustly detect a sim-
ple pinch gesture; and a true depth-sensing camera which 
generates more noisy data in our setup but nonetheless 
supports even richer interactions.  
The novel combination of these technologies opens up the 
ability for the user to interact within the 3D space above 
the surface. However, a key challenge is the loss of ‘di-
rectness’ when a user moves from interacting on the sur-
face to the space above it. To alleviate this we present a 
novel shadow-based feedback metaphor, for more closely 
coupling the interactions occurring off the surface with 
the content being rendered on the screen. We discuss the 
strengths and limitations of our two tabletops systems, 
based on our own observations and initial user feedback. 
‘DEEPENING’ OUR THINKING OF 3D ON TABLETOPS 
3D carries many different connotations; from computer 
graphics through to emerging 3D display and sensor tech-
nologies. In the interactive tabletops and surfaces litera-
ture 3D also has very specific meanings, which we elabo-
rate upon in this section. 
A great deal of research on 3D interaction has been con-
ducted over the decades, from various fields such as Vir-
tual Reality (VR), Augmented Reality (AR), and tangible 
computing (for an overview see [2]). It is difficult to 
touch upon all of these systems and concepts in this pa-
per. However, Grossman and Wigdor [12] provide an 
excellent overview and taxonomy of interactive 3D in the 
context of tabletop applications.  
Perhaps one of the most important aspects in thinking 
about 3D on the tabletop is the separation of the user 

input, the display technologies used for output and the 
rendered graphics. 
User input 
Input can be thought of as the user’s physical actions in a 
defined space, which can be sensed by the system. For a 
standard tabletop this might be the display surface itself, 
where the user’s fingertips can be sensed in 2D.  
In defining the input capabilities of a system, it is often 
useful to consider the degrees-of-freedom (DOF) that can 
be sensed. For standard multi-touch screens, each finger-
tip offers 2DOF in terms of its position, plus a third ( i.e. 
yaw) if orientation of the finger can be calculated. Certain 
surface technologies [25, 30] can sense hover and pres-
sure input, which can provide further, albeit limited, 
DOFs. We refer to these types of input as constrained 3D 
(following [12]) because they only support Z-based input 
in limited ways.  
One way of extending the input space to above the table is 
to instrument the user, for example using augmented 
gloves or styluses with markers and [1, 3, 5, 6]. Cameras-
based techniques can also support less intrusive scenarios, 
where the user does not require any augmentation. For 
example, stereo or depth cameras placed above the dis-
play surface can be used to sense the 3D position of the 
hand and detect gestures. These can suffer from robust-
ness issues however, particularly when parts of the hand 
are occluded from the camera. Systems such as [19, 20, 
21, 40] improve this robustness by using special projec-
tion screens, such as switchable diffusers or holographic 
materials, to support sensing through the display using 
rear mounted cameras. These also have the added practi-
cality of being self contained, making them more appeal-
ing for real-world deployment. To date however these 
systems have not supported 3D finger or hand-based ges-
tural interaction. Again it is important to recognize the 
differences regarding fidelity of 3D input. Most ap-
proaches sense depth as an estimation of distance of an 
object (such as a user’s hand) in relation to the screen 
[23]. This gives 4DOF interaction when combined with 
regular on-surface interactions, allowing for Z-based 
input. To determine pitch and roll to support true 6DOF 
input more elaborate computer vision or sensing tech-
niques are required. 
Display technologies 
For most tabletops the display used for rendering digital 
content to the user is a 2D planar device such as an LCD 
or projection screen. In past tabletop research, stereoscop-
ic displays with shutter glasses [1, 6], or AR and VR 
head-mounted displays [26] have been used to generate 
3D output. These techniques require the user to be in-
strumented.  
Emerging display technologies allow for uninstrumented 
3D output. One category is auto-stereoscopic displays 
[27, 31], which can project stereo image pairs into each  
of the user’s eyes directly, without the need to wear shut-
ter glasses. These displays tend to be single-user and 



 

 

viewpoint dependent, making their use for tabletops less 
appealing. Volumetric displays [9] do not have this limi-
tation – because they render ‘voxels’ (volumetric pixels) 
in a 3D physical volume they can be used simultaneously 
by different users with different viewpoints. However, 
whilst they support some forms of 3D interaction [11, 13], 
it is not possible for users to place fingers or hands inside 
the rendered volume for direct manipulation.  
Other display possibilities include projection of 2D im-
agery onto the surfaces of physical objects that are placed 
on the surface or held above it [19, 20, 21], a term re-
ferred to as constrained 3D [12] or tabletop spatially 
augmented reality [29]. Both front- [17, 36, 37] and rear-
projection tabletops [19, 20, 21] have been demonstrated 
with these possibilities.  
The graphics 
The graphics rendered on the display are typically 2D, 
which is perhaps not surprising given typical sensing and 
display technologies. However, many 2D GUIs have 
some notions of constrained 3D through the Z-ordering 
they use to layer 2D widgets. 3D graphics are becoming 
ever more popular for tabletops, particularly in the con-
text of gaming, 3D art and modeling and CAD [2].       
For 3D graphics, one important factor for the user is the 
perceived display space. In [12] this is defined as ‘the 
possible spatial locations for which displayed imagery 
can exist based on stereoscopic depth cues’. However, 
even for a standard 2D display rendering 3D content this 
notion of perceived display space is an important one. For 
example, depending on the virtual camera position, graph-
ical projection and other depth imagery, it is possible to 
create the perception of a 3D volume inside the tabletop.  
3D tabletop interaction techniques 
In this section we give an overview of the existing work 
exploring 3D on tabletops, and attempt to categorize them 
based on the definitions introduced previously. We first 
introduce two further concepts that allow us to reason 
more deeply about these systems: 
• Input and output coupling: This defines the extent to 

which the input and output are spatially coupled. For 
regular multi-touch tabletops [8, 14, 25, 30, 38] there 
is a tight coupling between input and output spaces.    

• Input mapping: This defines how naturally the sensed 
input maps onto manipulations with the 3D graphics. 
This is an important consideration, particularly when 
fidelity of output and input differs. 

Perhaps the highest fidelity of 3D tabletop interaction 
comes in the form of stereoscopic systems, such as [1, 6] 
which combine 3D input via augmented gloves and sty-
luses, 3D displays and 3D graphics. Here there is a 
straightforward mapping and coupling between the ele-
ments. However this comes at a cost in that the user must 
be instrumented. As [12] mentions ‘such devices can be 
uncomfortable, reduce the ubiquity of the system (as they 
will no longer be walk-up-and-use), and can cause the 

user to lose the context of their surrounding environment 
or collaborators.’ Crucially these systems as well as AR 
and VR-based tabletops move away from the notion of 
interacting naturally with the tabletop. Based on these 
issues we specifically desire to explore uninstrumented 
3D interactions with tabletops.  
Hancock et al. demonstrate a set of one-, two- and three-
fingered touch techniques to manipulate 3D objects in an 
uninstrumented manner. They use a regular multi-touch 
tabletop with 2D input and display, but render 3D graph-
ics. A major contribution of the work is the mapping of 
2D input to manipulations on the 3D graphics. Given the 
differences in fidelity of input and output, symbolic inte-
ractions are defined to map from 2D translations on the 
surface to 5 and 6DOF manipulations of the 3D graphical 
content. Although the results of a study showed that these 
gestures could be readily learnt, they cannot be consi-
dered natural, in that they do not directly resemble the 
ways we manipulate objects in the real-world.  
Davidson and Han [7] present a pressure-based technique 
for manipulating the Z-order of objects on a large interac-
tive surface. A regular 2D display is used, but the sensing 
and graphics can be considered as constrained 3D. The 
pressure data provides an additional DOF to give the user 
a more natural mapping for pushing objects above or 
below one another. 
Subramanian et al. [33] define a multi-layer interaction 
technique using a 3D tracked stylus for input above a 
tabletop with 2D output and a constrained 3D graphics. 
Here the user can maintain multiple layers of visual con-
tent and move between layers by moving their pen in the 
space above the tabletop. This system uses a single stylus 
to interact, leading to symbolic interactions for switching 
between layers. We are interested in more natural touch 
and whole hand gestures for interacting both on and 
above the tabletop surface. 
Tangible user interfaces have also explored extending 
tabletop interaction space into the physical 3D environ-
ment [10, 18]. Some use physical objects as props to in-
teract with the digital [24, 35, 36], others project virtual 
imagery onto 3D objects and surfaces either from above 
[17] or below [19, 20, 21]. Although these offer powerful 
real world metaphors, our aim is to give users a more 
direct sense of interacting with the virtual in 3D, without 
using specialized objects as interaction proxies.  
NATURAL INTERACTIONS BEYOND THE SURFACE 
The motivation of this paper is to explore a more natural 
way of supporting 3D interactions on a tabletop, which 
more closely resembles our manipulations in the real-
world. Much of this motivation comes from our prior 
work [41] which explored the use of physics engines to 
bring real-world  dynamics to interactions with standard 
2D digital tabletops. We achieved this through a novel 
mapping between the sensed surface input and the ren-
dered 3D graphics. The sensed 2D input was projected 
into the 3D scene as a series of rigid bodies that interacted 



 

w
b
o
th
p
r
m
e
n
o
O
th
f
r
li
c
ti
in
th
ta
c
th
p
in
T
f
in
i
ti
w
o
I
O
u
in
s
p
s
U
c
A
o
u
in
ti
‘
m
T
th
in
O
S
1

with other 3D
between input 
on the surface 
his provided a

pushing on th
reached its lim
manipulated wi
engine support
naturally availa
of the surface. 
One of our co
hat does not re

feel would be 
rience akin to 
imitations of 

context of tabl
ional 2D displ
ntegrated rear
heir ability to 
abletop system

complexity of 
his particular 

plored in the c
nput is 3D bu

This provides 
for the lack of 
nteracting off 
s based on a d
ion, providing

which means th
off the surface. 
n-the-air inter

Our first syste
uses a switcha
nteraction bey

scene is render
projection scre
scene using sta
Users can use
collision forces
Additionally u
object in the 3D
up’. Subsequen
n 4DOF will 
ioned in 3D s
drop’ the virtu

manipulated us
To implement t
he SecondLigh
nternal reflect

Our setup intro
SecondLight se
1. In place of

of the disp
known as 

D objects. This
and manipula
(x and y tran

a direct way to
he sides or to
mitations when
ith higher DOF
ts these manip
able to us thro

re goals has b
equire user inst

antithetical to
real world int
existing 3D 
etop computin
lays for output
r projection-vis

mitigate som
ms, including
deployment. I
projection-visi

context of 3D 
ut our output i

an interesting
f direct interact

the surface. T
depth-sensing c
g 3D input a
hat output can 

ractions 
em is a rear p
able diffuser to
yond the table
red as a birds-

een. Users can
andard 3DOF 
e multi-touch 
s to virtual obje
users can gestu
D scene, which
nt changes in th

result in the 
space. A relea
ual object back
sing rich on-sur
this technique 
ht system [19
tion (FTIR) fo
oduces five m
etup: 
f the layer of e

play surface, w
EndLighten [2

s allowed a li
ations for the 3
nslation and y
o interact with 
ops of them, 
never objects 
Fs and in 3D. T
pulations, but t
ough the sensi

been to develo
trumentation –
o creating a ‘
teractions. Furt
display techno

ng, we wish to
t. We also aim
sion form-fact

me of the issue
g occlusion, b
Interesting cha
ion setup have
interaction. In

is limited to th
g challenge in 
tion when the 

The closest wor
camera and ov
and constraine
be provided to

projection-visio
o extend the in
etop. A 3D ph
-eye view on 
 interact with 
interactions de
input to apply

ects to move th
ure directly ab
h allows the ob
he position of t
virtual object 

ase gesture is 
k down whereu
rface touch inte
we use a modi

9]. This uses f
or sensing mu

main changes to

edge-lit clear a
we use a very si
28] which prov

iteral mapping
3DOFs sensed
aw). Although
3D objects by
the approach
needed to be

The 3D physics
these were not
ng capabilities

op a technique
– something we
‘natural’ expe-
ther, given the
ologies in the

o support tradi-
m to provide an
tor because of

es of top-down
bulkiness and
aracteristics of
e yet to be ex-
n particular our
he 2D display

compensating
user moves to

rk to ours [37]
verhead projec-
ed 3D output
o the user even

on system that
nput space for
hysics-enabled
the switchable
objects in the

efined in [41]
y friction and

hem in 2D.    
bove a virtual

bject to ‘picked
the user’s hand

being reposi-
recognized to

upon it can be
eractions. 
ified version of
frustrated total
ulti-touch [14]
o the standard

acrylic in front
imilar material
vides a certain

 

g 
d 
h 
y 
h 
e 
s 
t 
s 

e 
e 
-
e 
e 
-
n 
f 
n 
d 
f 
-
r 
. 

g 
o 
] 
-
, 

n 

t 
r 
d 
e 
e 
. 

d 

l 
d 
d 
-
o 
e 

f 
l 
. 

d 

t 
l 
n 

a
a

2. T
w

3. A
b
d

4. A
l
w
a

5. O
u

The 
reflec
ages 
envir
play.
and s

F
p
es

To d
relea
visio
thum
repor
uses 
the h
are to
of th
orien
tion f
virtu
inters
‘pick
phys
abov
over 
witho
effec
appe
ing to
groun
When
ty of 
gives

amount of dif
addition to sup
The EndLighte
wavelengths of
A system of di
by mounting st
display surface
A second IR se
ly behind the 
with a 950nm 
an 850nm pass
Only one proj
unit is only cap
first camera in
cted from touc
IR reflected 

ronment by the
 This second 

sensing the dep

igure 2 Left: d
inch gesture. R
stimation. 

detect when us
ase them) we 
on algorithm w
mb and index f
rted in [39] and
a simple conn

hole that is for
ouching. The a
e hole plus the

ntation. Upon d
from the 2D po
al object the 
sects at all) in

k up’ the objec
ics engine from

ve it. This joint 
the object, allo

out it being a
cts. The joint i
ars from the im
o a dynamic st
nd.      
never a pinch g

f a region of pi
s a simple m

ffuse illuminati
pporting FTIR m
en is simultan
f IR, namely 8
iffuse 950nm il
trips of IR LED
e. 
ensitive camer
display surfac
pass filter, wh

s filter.  
ector is used, 
pable of on-sur
n this modified
ching fingers, 
from the diff

e EndLighten 
camera is used

pth of the user’

 
detection of th
Right: pixel int

sers want to pi
use a robust 

which detects w
finger together 
d shown in Fig
nected compon
rmed when the
algorithm repor
e major and mi
detection we p
osition of the h
ray intersects 

n the physics-
ct by defining 
m the object to
ensures that w

owing us to po
affected by gr
is destroyed on
mage, which re
tate and falling

gesture is dete
xels around th

measure of dep

ion across its 
multi-touch sen
eously edge-li
50nm and 950n
llumination is 
Ds behind the E

ra is also moun
ce. This camer

hilst the first is 

so that the Se
rface projection
d system imag
whereas the s

fuse illuminati
and LEDs und
d for gesture r
’s hand. 

humb and fore
tensity based 

ick-up objects
and real-time

when the user b
in a “pinch” 

gure 2 left. The
nents analysis 
e thumb and in
rts the 2D cent
inor axis to det
perform a rayc
hole and determ

with first (if 
enabled scene
a virtual joint 

o a proxy creat
we have kinema
osition it in the
ravity and oth
nce the tracked
esults in the obj
g back down to

cted, the avera
he hole is calcu
pth of the us

surface in 
nsing. 
it with two 
nm. 
introduced 
Endlighten 

nted direct-
ra is fitted 
fitted with 

econdLight 
n. 
es IR light 
second im-
ion of the 

der the dis-
recognition 

 
efinger 
height 

 (and later 
e computer 
brings their 
gesture, as 

e algorithm 
to identify 

ndex finger 
tre of mass 
termine the 
cast opera-
mine which 
f an object 
e. We then 

within the 
ted directly 
atic control 
e 3D scene, 
her friction 
d hole dis-
ject return-
owards the 

age intensi-
ulated. This 
ser’s hand.  



 

H
li
im
f
T
u
o
in
th
F

S
I
th
a
w
a
d
o
s

R
p
c
u
th
in
e
th
T
d
th
W
h
b
w
s
s

Hands in close 
ight sources) 
mage, and this

from the IR ligh
These different
user to pinch o
object by liftin
ng the pinch g
he object back

Figure 3.  

Figure 3: U
pinch to plac

Shadows for fe
nteracting with
his way opens

above the surfa
when facilitatin
and rendered co
directly on the 
of ‘directness’ 
surface to abov

Figure 4: O
from the us
virtual 3D s
input and ou

Returning to ou
play space, it 
creating a 3D 
user’s hands sit
he actual phys
ng and the vir

even a greater 
he 3D volume 

To compensate
dow-based tech
he real-world 

We do this by c
hand into the 3
by the virtual o
world metapho
space and inte
shown in Figu

proximity to t
will have bri

s begins to fall
ht sources as sh
t technologies 
over a virtual 
ng their hand u
gesture), repos
k down into the

 
sing the comb
ce an object in

eedback 
h virtual objec
s up 4DOF int
ace. However, 
ng this type of 
ontent are only
surface. A key
when a user m

ve it. 

 
Our feedback te
ser’s hands abo
cene to allow 
utput spaces. 

ur earlier discu
becomes clea
volume insid

t outside of thi
sical bounds o
rtual joint meta
sense that the
rendered on th

e for this deco
hnique that help
with the virtu

conceptually c
3D scene, fusin
objects in the 

or to map betw
eractions insid

ure 4. These sh

the screen (and
ighter pixels i
 off as the han
hown in Figure
come togethe

object, control
up or down (w
sition the obje
e 3D scene, as 

 
bined depth se
to a virtual con

cts rendered on
teraction capab
there is also a
interaction - th
y in contact wh
y challenge ari

moves from inte

echnique casts
ove the surfac
closer coupling

ussion around 
ar that we are
de the tabletop
is virtual space
f the display. 
aphor means t
ir hands are d

he tabletop.  
oupling, we d
ps connect the
ual objects in 
asting a shadow

ng this with the
scene. This pr

ween actions i
de the virtual 
hadows can al

d hence the IR
in the camera

nd moves away
e 2 right.  
er to allow the
l the height of

whilst maintain-
ct, and release
 highlighted in

ensing and 
ntainer.   

n the surface in
bilities on and

a key challenge
he user’s hands
hen interacting
ises in the loss
eracting on the

 
s shadows 
ce into the 
g between 

perceived dis-
e conceptually
p. Clearly the
e, separated by
Using raycast-

that users have
decoupled from

describe a sha-
 user’s hand in
the 3D scene
w of the user’s
e shadows cast
rovides a real-
in the physical

3D scene, as
lso function as

 

R 
a 
y 

e 
f 
-
e 
n 

 

n 
d 
e 
s 
g 
s 
e 

-
y 
e 
y 
-
e 

m 

-
n 
. 
s 
t 
-
l 
s 
s 

addit
ject’s
Gene
requi
are a
table
estim
realis
this c
A ‘n
came
overl
perce
With
putin
heigh
imag
shado
shado
in th
gener

Fig

An a
for a
the r
the p
each 
coord
seen 
with 
pixel
map.

F
th

To p
stren

tional depth cu
s position alon
erating a shado
ire additional s

already imaging
etop camera us
mation, and the
stic renderings
camera image. 
aïve’ solution 

era image onto
lay on top. Our
eption that the
h this in mind, 
ng the 3D geom
ht values calcu
ge and introdu
ow mapping te
ows for both th
e scene. In pra
rate using diffu

gure 5: Virtual s

alternative appr
all virtual objec
raw image from
pixel intensity 

pixel. Transf
dinates produc
by the light. 
the shadow-m

l. The larger z
 Figure 5 show

 
igure 6: Objec

hey are lifted of

provide additi
ngthen the cou

ues for the use
g the Z-axis.   

ow of the user’
sensing and ill
g the hands of 
sed for gestur
ere are several
s of hand shado

 
would be to r

o the ground p
r aim however

ey interacting d
a more elegan
metry of the u
ulated from pix
ucing this 3D 
echnique could
he user’s hand 
actice however
use illuminatio

shadows cast b

roach is to firs
cts in the scen
m the camera.

to compute a
forming this p
ces a depth-m

This depth-m
map by compar
z-value is stor

ws the hands sh

cts turn into th
ff the surface. 

ional depth fe
upling betwee

er when adjust
    
s hands could 

lumination. Ho
the user from 

re recognition 
l viable option
ows in the 3D s

render the raw
plane of the s
r is to heighten
directly in the 
nt solution invo
user’s hand ba
xel brightness 
mesh into the

d then be used t
 and other virt
r this mesh is 

on alone.  

by the users ha

t generate a sh
e and then fus
 To do this w
an estimated z
position into l
ap of the user

map can then b
ring the z-valu
red in the fina
hadows generat

 
heir own shado

eedback and 
en the input a

ting an ob-

potentially 
owever, we 
the second 
and depth 

ns to create 
scene from 

w, binarized 
cene or as 

n the user’s 
3D scene. 

olves com-
ased on the 

in the raw 
e scene. A 
to generate 
tual objects 
difficult to 

 

 
and.  

hadow map 
se this with 
we leverage 
z-value for 
light-space 
rs hand as 
be merged 
ue for each 
al shadow-
ted.  

 
ow as 

potentially 
and output 



 

s
a
g
m
g
h
W
R
a
s
th
m
h
la
p
r
T
b
li
n
in
w
s
f
s
v
c
s
v
r
u
I
W
th
f
d
e
in
F
u
3
in
la
(
m
[
b
r
O
th
in
a
s
b
u

spaces we have
away the select
ground plane, 
mapped onto th
give users the 
hand, as shown
Why shadows 
Researchers ha
a number of i
shadows were u
he desktop. [3

mechanism for
have perhaps b
aboration, whe

participants ac
remote awarene
The use of shad
be fully explor
ing aspects. P

natural feedbac
n the virtual sc

when interactin
subtle, non-int
feedback can a
shadows are ca
virtual objects 
cues, allowing
scene. For exa
virtual object i
reas if the obje
underneath. 
NTERACTION

We have really
hat are enabled

focus of our w
derlying concep
er, in this sectio
nteractions.  

Fundamentally 
up from the su
3D. In traditio
nvolves dedica
ayer palette (e
e.g. Microsoft

more literal lay
22]. Objects re

be stacked on 
removed as req
Our technique m
hat directly inv
ng, medical vi

architectural do
struct complex 
blocks and then
using Lego™. 

e also looked a
ted virtual obje
until it leave

he shadow of th
sense that th

n in Figure 6. 
for 3D tableto

ave explored th
interactive sys
used as depth c
32] presents th
r reaching acro
been most exte
ere renderings 
ct as additiona
ess (for an ove
dows for 3D ta

red however, a
Perhaps most i
ck mechanism 
cene. We are o
ng in the real
trusive form 
also be rich. F
ast in the scen
and shadows 
 a better sens

ample, a user 
f the shadow i

ect occludes th

NS AND APPLI
y only just begu
d by our shado

work to date, an
pts and technic
on we touch br

our technique
urface and dire
onal GUIs, fin
ated, often abs
e.g. Adobe Ph
t PowerPoint).
yering control 
epresenting do
top of each o

quired.  
may also be ap
volve or benefi
isualizations an
omain our tech
3D models by

n placing them

at the ability to 
ect as it moves 
es only a shad
he hand. The a
e object is ac

op interaction
he use of shado
tems. In [16] 
cues for 3D ma
he idea of real
oss large disp

ensively used f
of hands and a
al feedback m
rview please s
abletop interac

and it presents 
importantly, it 
for representi

ften unaware o
-world, and so
of feedback. 
For instance, 

ne and their re
gives users ad
se of the 3D 
knows their h
is cast on the t
e shadow the h

ICATION AREA
un to explore t
ow and in-air te
nd this paper, 
cal implementa
riefly on some 

e allows users t
ectly control th
ne control of o
stract UI elem
hotoshop) or c
 Our techniqu
similar to tho

ocuments or ph
other in piles a

pplied in applic
fit from 3D data
nd CAD appli
hnique may be
y picking-up va

m on top of each

gradually fade
away from the

dow, which is
aim here was to
ctually in their

?   
ows to support
the notion of

anipulations on
l shadows as a
lays. Shadows

for remote col-
arms of remote
mechanism for
ee [34]). 

ction has yet to
many compel-
gives users a

ing their hands
of our shadows
o they offer a
However, the
how the hand

elation to other
dditional depth

nature of the
hand is over a
top of it, whe-
hand is clearly

AS 
the interactions
echniques. The
is the core un-
ations. Howev-
of the possible

to pick objects
heir position in
object layering

ments such as a
context menus

ue allows for a
se proposed in
hotographs can
and selectively

cation domains
a such as gam-
ications. In the
e used to con-
arious building
h other, akin to

 

e 
e 
s 
o 
r 

t 
f 
n 
a 
s 
-
e 
r 

o 
-
a 
s 
s 
a 
e 
d 
r 
h 
e 
a 
-
y 

s 
e 
-
-
e 

s 
n 
g 
a 
s 
a 
n 
n 
y 

s 
-
e 
-
g 
o 

It is 
hand
algor
neou
allow
to on

Figu

We a
bring
show
grain
of th
gies 
shoe-
tent. 
a mu
drapi
conta

 
F
D

INITI
We h
leagu
wher
eased
oppo
and 
paper
a for
oppo
it, of
some
users
great
users
and w
off, t
It wa
syste
addit
the s
when

also importan
dle multiple ha
rithms can ide

usly as long as 
ws users to pas
ne another usin

ure 7: Left: Mov
objects. R

are of course 
gs to physics-
ws some simp
ned layering co
he additional D

applied in the
-boxes, bowls
It is also possi

uch richer wa
ing cloths (see
ainers. 

igure 8: Left: B
Draping a textur

AL REFLECTI
have demonstr
ues on various
re depth-based
d the task at ha
ortunity to ena
depth-based fe
r. While this u
rmal user eva

ortunity to obse
ften with little o
e noteworthy
s have comme
ter sense of int
s could pick-up
with practice w
the technique p
as difficult for 
em with shado
tional depth cu
system is sens
n using the pi

nt to note that
ands interacting
entify and track

the pinch hole
ss objects, suc

ng the free spac

 
ving objects ov

Right: Creating 

excited by the
-based tabletop
ple examples 
ontrol in this co
DOFs to mimi
e real-world: u
and shelves fo

ible to interact 
ay, for exampl
e Figure 8), o

Bi-manual stretc
red cloth over a

IONS 
rated our proto
s occasions, sh
d interactions a
and. During the
able and disabl
feedback mech
use of our syste
luation, we ha
erve hundreds 
or no instructio
observations. 

ented that the
teracting with t
p objects follow
when the shado
proved to be di
users to ‘disc

ows disabled. T
ue but also a wa
sing. This seem
inch gesture, w

t our techniqu
g at the same 
k several hand
es are not occl
ch as a virtual 
ce above the su

ver and underne
piles of objects

e potential that
p interactions.

of stacking 
ontext. We can
c popular stor
using containe
or storage of d
with non-rigid

le stretching, 
or pouring flu

ching of cloth. 
a solid cube. 

otype to hundre
howing several
are mandatory 
ese occasions w
le the shadow

hanism describ
em cannot be 
ave nonetheles
of users intera

ons at all. Here
In our demo

e shadows gav
the virtual obje
wing detailed in
ow rendering w
ifficult and cum
over’ how to o
The shadows p
ay of understan
med useful in
where if the u

ue can also 
time. The 

ds simulta-
luded. This 
document, 

urface. 

 
eath other 
s. 

t our work 
. Figure 7 
and finer 

n make use 
rage strate-
ers such as 
digital con-
d objects in 
folding or 

uids out of 

 
Right: 

eds of col-
l scenarios 
or greatly 

we had the 
w rendering 
bed in this 
considered 
ss had the 
acting with 
e we report 
onstrations 
ve them a 
ects. While 
nstructions 
was turned 
mbersome. 
operate the 
provide an 
nding what 

n particular 
user saw a 



 

 

broken hand shadow on the surface they assumed correct-
ly that the gesture would not work.  
It is also interesting to note that our shadows are inverted 
in that they become smaller the further away the hand is 
from the screen. Users seem less aware of this aspect, and 
have commented that it might actually feel unusual to 
have the hand shadow get larger as it moves away from 
the surface. In some senses, the further the hand gets from 
the device the less the feedback should be portrayed on 
the screen. Of course, this is just a hypothesis that we 
hope to evaluate in the future.   
Once users have become familiar with the system, we 
have found they can readily switch between on surface 
and in-air interactions. Interestingly we have often ob-
served users just using in-air interactions even for 2D 
movement of virtual objects. We feel however that on 
surface interactions will be useful during very fine-
grained 2D multi-touch interactions, or during longer 
terms uses where interacting solely in-air could lead to 
arm fatigue. 
We also observed that users did not necessarily think 
pinching is the most intuitive gesture. For example, grab-
bing gestures where all fingers of one hand are used to 
grip the object from its sides were observed more fre-
quently. These gestures are not sensed by our system. 
Some users tried to perform a pinching gesture but in the 
wrong orientation such that the system could not observe 
an apparent ‘hole’.  
Some users had problems in judging how high objects 
were away from the surface. Enabling the object to fade 
as it moved off the ground plane improved the users’ 
depth cues. However, once fully transparent, users had 
difficulties controlling the object’s height when only the 
shadow was rendered. Finally, users often asked for addi-
tional degrees of freedom in the 3D manipulation. In 
particular carrying out 3D orientation such as tilting ob-
jects or reorienting more complex shapes (such as the 
cup) when these had become knocked over – this is some-
thing that is difficult to achieve just with 4DOF.  
EXPLORING A NEW 3D TABLETOP CONFIGURATION 
To address some of these issues we have recently begun 
to explore another tabletop configuration, which aug-
ments some of the “in the air” interactions in our previous 
prototype. One of the main rationales for this work was to 
more accurately emulate grasping, rather than the iconic 
pinch gesture, and also to think about how to enable the 
other available DOFs. Early experience with this system 
shows the promise of some of these new features as well 
as fresh challenges. 
Hardware configuration 
For display, we use a DNP HoloScreen, a holographic 
diffuser mounted on an acrylic carrier, in combination 
with a NEC WT610 short throw projector. As in [40] the 
HoloScreen material was chosen because it is nearly 
transparent to IR light, while the projector was chosen to 
meet the projection angle requirement of the HoloScreen 

material. Our HoloScreen measures 40” diagonal (com-
pared to 20” for SecondLight). 
We use a 3DV ZSense depth camera to image objects 
above the table. The ZSense is placed behind the Holo-
Screen, in a vertical configuration. For the holographic 
nature of the HoloScreen not to interfere with the opera-
tion of the ZSense, the camera must be placed off axis to 
prevent any IR illumination reflecting directly back from 
the underside of the acrylic. Like SecondLight, the com-
bination of camera, display material and projector results 
in a completely self-contained waist-high table, illustrated 
in Figure 9. 

       
Figure 9: Tabletop hardware configuration 

From range-sensing to world coordinates 
The 3DV ZSense camera uses pulsed infrared laser light 
and a very fast solid-state shutter to construct a per-pixel 
depth map of the scene (320x240, 30Hz). One of the main 
features of the camera is the ability to compute the world 
coordinates of any point within its configurable near and 
far clipping planes  and . An 8-bit value  at 
depth map location ,  may be converted to depth in 
real units (cm):  

  
255

255  . 

Consider the vector  originating at the center of the 
camera and passing through , , , with focal length , 

 and  in cm (the pixel width is known). World coordi-
nate , ,  is then  units along : , ,  ·  
(see Figure 10). 

     
Figure 10: Left: Raw ZSense depth image. Right: 

conversion to world coordinates. 

More correct hand shadows 
Our SecondLight-based prototype creates hand shadow 
effects by attenuating the light falling on the scene on a 
per-pixel basis according to the observed image of hands 
above the table. This approximation of shadows has lim-
its: for example, a hand will shadow objects that are 
known to be above it. As we explore more realistic grasp-
ing models, such limitations may be troublesome. 



 

 

Our second prototype improves the simulation of shadows 
by constructing a mesh from world coordinate values 
computed as above. This mesh is rendered when compu-
ting the shadow map, but is not rendered with the sha-
dowed scene. An example is shown in Figure 11. 

  
Figure 11: 3D meshes and shadows. Left: illustra-
tion of computed world coordinate mesh used in 
shadowing algorithm. Right: table top view shows 
left hand fully above the blocks, right hand pene-
trating green block. 

Grasping model 
The pinch detection technique has important advantages 
described earlier, but as a gross simplification of human 
grasping behavior it can be a poor model, particularly 
when the user is unaware of its restrictions. With our 
second prototype we are exploring a more accurate model 
of grasping behavior that, rather than raycasting the center 
of holes formed by pinching, determines when the user 
touches an object in multiple places. Touching an object 
is determined by hit testing the geometry of each object 
with the world coordinates of the user’s fingertips. 
While it is tempting to perform all calculations (e.g., find-
ing fingertips) in world coordinates, it is important to note 
that depth estimates are noisier than the (x, y) location of 
an object that appears against a far background (such as a 
hand above the table). This is in part due to the ZSense’s 
approach of computing independent depth estimates for 
each pixel location. For this reason, it is often better to 
precisely locate the depth discontinuity due to the edges 
of such an object using traditional image processing tech-
niques on the 8-bit depth map, followed by area averaging 
of depth values and finally conversion to world coordi-
nates. 
Accordingly, we detect fingertips by analyzing the depth 
map only. While there are many ways to perform such 
shape detection (e.g., [23]) we proceed by finding the 
contour of every connected component in the binarized 
version of the depth map [4]. Each external contour is 
then walked twice: first to compute a Hough transform 
histogram to select circular shapes of typical finger ra-
dius, and second to locate the points on the contour cor-
responding to the maxima of the histogram. Multiple such 
maxima are eliminated via a standard nonmaximal sup-
pression technique, where maxima are considered over-
lapping if they lie within some arclength distance along 
the contour (see Figure 11).The depth value of each re-
maining fingertip location is computed by sampling a 
neighborhood in the depth map. This is then converted to 

world coordinates, tracked from frame to frame and 
smoothed by a Kalman filter. 

   
Figure 12: Left: Contour detection (green) and fin-
ger tracking. Right: grasping with fingertips. 

A user’s attempt to grasp an object is detected by first 
determining which fingertips (if any) are contained within 
the 3D shape of each dynamic body in the scene. If a 
body not previously under grasping control is found to 
contain exactly two fingertips, it enters grasping control. 
Thenceforth, the body remains under grasping control if 
the same fingertips are contained with the body, regard-
less of the number of fingers in the body. The body is 
dropped when either of the original fingertips leaves the 
body, as when, for example, the user opens their grasp 
(see Figure 12, right). 
This grasping model does not consider where each finger-
tip touches or penetrates the body as it would if it were a 
true simulation of grasping behavior. However, it im-
proves upon the pinch detection and raycasting approach 
by respecting the geometry of the grasped body while 
using a similar gesture, and by performing 3D picking. 
With this model, it is possible to grasp an object that is 
sitting under another object. 
Five degree of freedom manipulation 
Once under grasping control, the body may be manipu-
lated in 3D by analyzing the combined motion of the two 
grasping fingertips. Translation in three dimensions, yaw 
about Z and roll about the wrist are easily computed from 
the motion of two points. Pitch cannot be computed in 
this way, but rather via a least-squares fit to a plane of 
number of pixels in the neighborhood of the grasp.  
While the contour-based detection of fingertips allows 
easy determination of whether two fingertips are on the 
same hand, bimanual manipulations may be performed 
when the two fingertips are on different hands. 
More fidelity requires more control 
The more detailed modeling of shadows, grasping and 
manipulations suggests a higher fidelity interaction than 
possible with our first prototype. Indeed, a number of 
interactions are possible that were not before: precisely 
orienting an object and grasping an object at a given 
height are two examples. 
However, the very same improvements in fidelity demand 
that the user be more aware of the 3D position of their 
grasp and the objects they are attempting to manipulate. 
Initial early experience with this tabletop system suggests 
that the rendered shadows are extremely important, per-
haps more so than in the earlier prototype. The more ac-



 

 

curate modeling of shadows may be helpful in certain 
situations. 
Errors in finger tracking can make objects harder to grasp 
or cause objects to fall from grasp. In particular, when the 
grasped object is small or the grasp is too tight, the finger-
tip contours will merge and disappear. To combat this 
effect we have experimented with increasing the effective 
size of the object for hit testing. Another option is to fall 
back to the pinch gesture in this case (it is easily identi-
fied as an internal contour). Perhaps rather than rely on 
fragile finger tracking, an approach based on contour or 
mesh tracking is feasible. Ultimately we would like to 
more closely simulate the physics of grasping, after the 
style of [41]. 
Grasping in 3D also depends on the user’s ability to see 
more than the tops of objects. This in turn depends on the 
choice of graphics projection transformation. A standard 
perspective transformation allows the sides of an object to 
appear if it is not near the center of the table. Moving the 
camera to one side addresses this limitation, but makes it 
impossible for the simulated table and the physical table 
surface to coincide. We suggest an “off-center” perspec-
tive projection (also known as “perspective control lens” 
in photography) to restore this correspondence, so that 
objects on the table plane will appear at the correct loca-
tion on the physical table, while objects with height exhi-
bit perspective effects. 
COMPARISON OF OUR 3D TABLETOPS 
Perhaps the most obvious difference between the two 
systems presented in this paper is the input fidelity af-
forded by each. The SecondLight setup can only approx-
imate the distance of objects above the surface, and it 
only provides 4DOF input which was one of the main 
limitations according to user feedback. Our second proto-
type, and in particular the ZSense camera, provides higher 
DOFs and enables exciting new interaction techniques 
that we have only just begun to explore.  
However, the added sensing flexibility of the system 
comes at a cost – foremost speed and robustness. The 
ZSense camera provides calibrated depth data but only at 
30Hz and a lower resolution. The image provided by the 
two tabletops also differs significantly in terms of noise. 
The ZSense depth image requires extensive smoothing 
and processing further reducing the tracking frame rate. 
So there is a clear trade-off between system responsive-
ness and input fidelity. These differences in sensing fi-
delity also impact the interaction style. In SecondLight, 
ray-casting into the scene upon detecting a pinch gesture 
always picks the topmost object. The more accurate depth 
data in our new tabletop allows for more precise 3D ma-
nipulation, such as grasping of objects that are positioned 
underneath other virtual objects. It also allows for more 
correct shadows to be rendered into the scene. However, 
the noise also leads to more artifacts appearing in the 
rendered shadows, which may in fact lead to adverse 
effects.    

The SecondLight platform has some compelling qualities 
absent from our new tabletop. In particular the lighter 
weight approach to sensing, leads to a greater speed of 
interaction, which adds much to the user experience. The 
on-surface image is also much higher quality in terms of 
viewing angle, than it is with the holoscreen. Finally, the 
switchable diffuser allows projection through the surface. 
Whilst we haven’t explored this in our current work, pro-
jecting onto the user’s hands to provide coarse feedback 
about objects under manipulation is an interesting avenue 
of exploration. 
CONCLUSIONS 
We have implemented and demonstrated two prototype 
systems, motivated by a desire to use the space above an 
interactive tabletop to enable richer depth-based interac-
tions, without compromising an integrated hardware form 
factor. Our second system was developed to address some 
of the shortcomings of the first, which were uncovered by 
observing hundreds of users interacting with it. However, 
it turns out that both systems have their own strengths and 
weaknesses and we therefore thought it valuable to 
present both setups in some detail in this paper. 
This work builds on the existing literature through a num-
ber of distinct contributions: 
• We present a number of extensions to SecondLight to 

support sensing up to ½m beyond the tabletop.  
• We have developed a novel shadow-based technique 

to provide feedback during mid-air interactions. 
• We have built a tabletop system based on a depth 

camera and holoscreen. 
• We have implemented a tabletop system with high 

DOF 3D interactions without requiring any user in-
strumentation, whilst also supporting on surface inte-
ractions 

Currently our work builds on a physics-based UI to em-
phasize the naturalness of the interaction afforded. How-
ever, we feel that the techniques described here can be 
generalized to other 3D systems and even to 2D tabletop 
UIs with notions of Z-ordering and layering.     
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