











est point on the proxy geometry. This can enable specific naviga-
tion behaviours with a proxy object without the need to update the
cubemap. Coarse-level collision detection can also be performed.

Smooth Normal for Distant Objects: Our interface incorporates a
3D cursor whose appearance is consistent between scales. The
cursor sits on the surface of scene geometry, orienting itself on
the plane perpendicular to the surface normal. A somewhat dis-
tant scene object with variation in the normal direction will cause
the cursor to erratically orient in different directions as it is moved
along the object. By using the proxy object, the cursor orientation
remains consistent (see Figure 5).

4 Multiscale 3D Navigation

In the environment examples we provide here, there are several
fairly distinct scales in which the camera can operate. Specifically:
orbit-level, city-level, neighbourhood-level, and building interior-
level. We present the implementation-specific challenges, in pro-
ducing a system that works at these scales later, in the Discussion
section. In the following subsections, we detail the components
of our system that the user interacts with and utilizes to navigate
through our multiscale scene.
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Figure 6: Interaction scheme for multiscale 3D navigation.

We developed a mouse-driven interaction scheme to drive Multi-
scale 3D Navigation. A left-mouse-buttom (LMB) click initiates
a fly towards the intersection with geometry under the mouse cur-
sor. Subsequent LMB clicks retarget the fly. While in flying mode,
moving the mouse around the viewport allows the user to look
around the scene while still following the original fly trajectory.
To break flying mode, a user clicks the right-mouse-button (RMB).
When stationary, a LMB drag initiates HoverCam mode, allowing
the user to perform exocentric inspection of geometry in the scene.
Conversely, a RMB drag performs an egocentric look operation.
A RMB click initiates push-out mode, where the collision bubbles
around objects expand, forcing the camera out and away from ge-
ometry in the scene. A single LMB click cancels push-out mode.
Finally, holding shift while dragging with the LMB allows the user
to perform a framed zoom-in on scene geometry (see Figure 6).

4.1 Look-and-Fly

The look-and-fly navigation method allows the user to travel
through the scene at a scale-dependent rate, while avoiding colli-
sion with obstacles. The user is able to freely change the viewing
direction of the camera with the mouse during flight. The centre of
the screen acts as a “deadzone”, a small area in which if the mouse
is present the viewing direction will not change. When the mouse
leaves the deadzone, the cursor’s direction from the centre of the
screen defines the angle the camera’s view direction should rotate.
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The distance of the cursor from the deadzone controls the rate of
rotation.

The user initiates look-and-fly by left clicking. The destination
point of the flight is set to the current 3D cursor position pcursors
which remains fixed. During flight, we then use the following func-
tion to displace the camera position pcqm Over a time interval ta
between frame updates:

cubeDistMin
PCam =PCam + (pC’uT'sor - pC(un) . tA : f7 (4)
where cubeDist Min is the (non-normalized) distance of the clos-
est point in the scene, provided by the cubemap. Scaling the speed
of flying motion relative to the distance of nearby geometry pro-

vides a consistent sense of speed when navigating between scales.

While flying, the cubemap is also used to perform collision detec-
tion with the scene. Because of this, the path of flight will not
always be a straight line from start to finish - the camera will avoid
obstacles that enter its local vicinity. In fact, because of collision
detection, the camera will never reach the destination point given
by pcursor, instead being repelled once geometry enters the colli-
sion avoidance radius §. The collision radius J is assigned a new
value when flying is initiated, by using the distance from start to

finish (we use § = HPCwsoZ;PCam I ).

4.2 Push-Out

As a complement to look-and-fly, we implement the push-out tech-
nique to perform the opposite behaviour. Moving the camera to a
position where it has perspective of a larger scale has a trivial so-
lution in the case of Earth navigation - simply move the camera
position further from the Earth’s centre. However in our case, the
ability to navigate within structures is a key component of our sys-
tem. The simple approach of translating the camera away from the
Earth will potentially penetrate the roof, resulting in a camera path
that is unnatural, and further does not provide a behaviour that is
consistent between scales.

Figure 7: By using push-out within an enclosure, the camera moves
along a curved path that takes it outside through an open hole.

Instead, our system uses the nearest exit point when the camera
is inside a structure. We exploit the collision resolution offered
by our image-based representation to achieve this. Specifically,
when the user right clicks the mouse to initiate push-out, we di-
late the collision avoidance radius 6. Specifically, we assign it
6 = 3.0 - cubeMinDist. In the case of the camera being enclosed
by scene geometry, this gets the camera flying toward an exit point
(such as a doorway or window), if present. In the case of the camera
being exterior to geometry, as is the case when orbiting the Earth,
or viewing a city from above, this moves the camera in a direction
generally away from the geometry. In both of these cases, the cam-
era moves in a natural way to take the user between scales, using
the same general approach. If the user wants more rapid movement
to a coarser scale, pressing the right mouse button additional times



multiplies the radius J by a constant factor (we use § = 3.0 - J)
once the behaviour is initiated.

This technique is not robust in that it will not find a complex path
away from geometry (e.g., within a complex maze), however it is
reliable in producing simple motion paths where an exit point is
observable from the camera’s current position.

4.3 An Improved Hovercam

The original implementation of HoverCam navigation mode [Khan
et al. 2005] required calculation of the point on the environment
closest to the viewer along with a surface normal at that point. This
calculation was costly and relied on pre-computation of sphere tree
data structures. It is possible to use our cubemap to find the clos-
est point without explicitly testing the geometry, which is sufficent
for re-implementation of the HoverCam behaviour. Since the clos-
est point is guaranteed to lie on the surface visible to the viewer,
it is the worldspace position of the pixel in the cubemap with the
smallest distance value. The HoverCam approach is further sim-
plified in that the process of searching for a new closest point in
the direction of movement (to avoid both object collision, and un-
natural, hook-shaped camera paths) is handled automatically by the
cubemap, which searches all directions into the scene at once.

The original implementation also suffered from temporal coher-
ence issues when sampling the closest point from noisy geome-
try. To ensure smoothness of HoverCam navigation, G surfaces
are desirable. Since geometry-based smoothing is costly, we use
an image-based smoothing technique to approximate local smooth-
ing of geometry. We have implemented a smoothing algorithm that
uses a box-filter that specifically targets depth values in the cube-
map whose normalized values are less than 1. Other algorithms for
smoothing depth values in the cubemap exist (such as gaussian, or
a bilateral filter for edge preservation) which we have not yet eval-
uated.

Our system allows interaction with any of multiple independent
scene objects. The user performs HoverCam behaviour by dragging
the left mouse button on a particular scene object. Just the scene ob-
ject selected is rendered into the cubemap in order to find its closest
point (as it may not provide the true closest point in the scene to the
camera). This approach avoids the issue of the camera switching
between viewing the object of interest, and another separate object
in the scene which may be closer. For example, consider examining
the base of a tower (the object of interest), it would be undesirable
to have HoverCam suddenly switch the view to the Earth immedi-
ately below the camera. While we render only the object of interest
in the cubemap to obtain its closest point specifically, we still pe-
form collision detection with all scene objects by rendering each
into the cubemap.

4.3.1 Dynamic Up Vector

Up until this point we have not discussed how we update the up
vector for the camera, which is an important parameter. Also, in
the case of HoverCam behaviour, different up vector models vary
the general behaviour of the HoverCam as a navigational tool. In
the system we present here, we use the “global” up vector model,
on a per-scene-object basis.

In our system, each independent scene object has its own unique
origin and coordinate frame. We assume the scene object upon im-
portation is oriented such that its vertical direction points along the
positive y-axis. The influence of a scene object’s up vector is based
on the object’s proximity to the camera.

In the case of the Earth, we would like that the camera always point
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to the North Pole when the camera is at an orbit-level scale in the
scene, but normal to the surface when up close. To achieve this,
our Earth object is a subclass of a generic scene object class. We
overload the up vector method to specify a more-complex up vector
assignment. The up vector points towards the North Pole but as the
camera moves closer to the surface the up vector direction gradually
changes to point normal to the Earth’s surface.

4.4 Framed Zooming

While holding shift, a left-click drag sets up a framed zoom. The
framed zoom allows the user to specify a particular region of the
scene they would like to see from a closer viewpoint. The extent
in which the camera zooms in will be determined by the framing
circle, whose radius is determined by projecting a ray from the cur-
rent mouse position through the plane defined by the position and
normal of the 3D cursor. The framing circle appears as a stencil,
darkening areas of the scene that will not be visible when rendered
at the destination (see Figure 8). The transparent green arrow pro-
vides a visual affordance of the destination position and orientation
of the camera when the left mouse button is released.

If pcursor and ncursor are the position and normal of the 3D cur-
sor, the framing circle has radius 7, and the horizontal and vertical
FOVs of the camera are 0 and 0y, the new camera position pcam
is given by

r
(tanGH,tanﬁv)7

(&)

PCam = PCursor + NCursor N
\/§mln

and the camera will be oriented to look at pcyrsor-

Figure 8: (Left) Holding shift, the user clicks and drags to frame a
region. (Right) Upon release, the camera animates to a new position
whose view tightly contains the region.

5 Discussion

Implementing a system that works at a dynamic range of scales -
from thousands of kilometres down to centimetres - causes other
specific problems to surface which we must address.

One problem facing systems which allow navigation between such
scales results from the lack of floating point precision for vertex po-
sitions far from the origin of the scene. Our implementation orig-
inally used the Earth’s centre as the origin. Objects on the Earth’s
surface, far from this origin appeared to “jitter” when viewed close-
up. The non-uniform distribution of floating point values, whose
relative spacing is further exaggerated when zoomed in, produces
the observed effect. Note that the naive approach of keeping the



camera positioned at the origin and translating the scene geome-
try accordingly also will not prevent this effect, the culprit being
catastrophic cancellation in this case.

As our system is multiscale and relies on image-based techniques
for navigation, we had to address this issue. Our solution is to de-
fine a dynamic global origin that all scene objects are rendered rel-
ative to. The global origin of the scene moves according to the
smaller scene objects the camera is close to (specifically, the geo-
metric structures littering the Earth’s surface). Display lists for all
scene objects are regenerated relative to the global origin after it is
translated.

6 Conclusions

Our goal of providing a seamless navigation system for highly
multiscale 3D datasets was met. The key technique enabling this
advanced interaction was the cubemap. This image-based envi-
ronment representation was used effectively in (a) a robust scale-
detection system, (b) a smooth collision resolution heuristic, (c) a
dynamic viewing frustum critical to the success of the overall goal,
and (d) a proxy object rendering to facilitate object-centric naviga-
tion.

The simplified interactions for the Look-and-fly and Push-Out
modes facilitated the transition between many scales within the
dataset and this was made possible by the intelligent navigation ad-
justments implicitly made by the cubemap-based algorithms. In
particular, the Push-Out mode was not constrained by a specific in-
put point and so, nicely reflected an object-level scale change with
each invocation.

Also, by implementing an image-based HoverCam algorithm, this
high-level interaction technique could be provided without an ex-
pensive sphere-tree precomputation and this could work on dy-
namic 3D scenes as well.

Finally, the framed zoom operation, together with 3D cursor feed-
back provided fine control over navigation through a city model
containing many faceted targets. This situation benefitted notice-
able from the 3D cursor feedback increasing predictability of the
resulting camera motion.

Overall, significant progress was made to create a small group of
interactions to perform multiscale 3D navigation.
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