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ABSTRACT
Smartphones have become powerful computing systems
able to carry out complex tasks, such as web browsing,
image processing and gaming, among others. Graphics
animation applications such as 3D games represent a
large percentage of downloaded applications for mobile
devices and the trend is towards more complex and re-
alistic scenes with accurate 3D physics simulations, like
those in laptops and desktops. Collision detection (CD)
is one of the main algorithms used in any physics kernel.
However, real-time highly accurate CD is very expen-
sive in terms of energy consumption and this parameter
is of paramount importance for mobile devices since it
has a direct effect on the autonomy of the system.

In this work, we propose an energy-efficient, high-
fidelity CD scheme that leverages some intermediate re-
sults of the rendering pipeline. It also adds a new and
simple hardware block to the GPU pipeline that works
in parallel with it and completes the remaining parts
of the CD task with extremely low power consumption
and more speed than traditional schemes. Using com-
mercial Android applications, we show that our scheme
reduces the energy consumption of the CD by 99.8%
(i.e., 448x times smaller) on average. Furthermore, the
execution time required for CD in our scheme is almost
three orders of magnitude smaller (600x speedup) than
the time required by a conventional technique executed
in a CPU. These dramatic benefits are accompanied
by a higher fidelity CD analysis (i.e., with finer granu-
larity), which improves the quality and realism of the
application.

Categories and Subject Descriptors
Computing methodologies [Computer graphics]: Col-
lision Detection, Rendering, Graphics processors
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1. INTRODUCTION
During the past decade, mobile devices have quickly

incorporated graphics and animation capabilities that
in the 1980s were only seen in industrial flight simu-
lators and a decade later became popular in desktop
computers and game consoles. The trend going forward
is towards more powerful support for real-time physics
simulations in all mobile devices, with increasing preci-
sion and realism. However the energy budget per bat-
tery charge of mobile devices has not grown at the same
pace as their computing power. Hence, reducing energy
consumption has become a major concern of hardware
and software developers, since it limits the degree of
realism provided on these devices [1, 2, 3, 4, 5, 6, 7, 8].

Physics kernels contain several algorithms that man-
age the dynamics of the animations. CD is one of the
most important algorithms since it identifies the con-
tact points between the objects of a scene, and deter-
mines when they collide. CD techniques are intrinsi-
cally quadratic with respect to the number of objects
and their surfaces. To alleviate this cost, CD is often
split into two steps: i) broad phase, which considers
simple bounding boxes (often Axis Aligned Bounding
Boxes, AABBs) around the objects and returns a set of
potentially colliding pairs of objects; ii) narrow phase,
which is more complex than the broad phase since it
uses a more accurate shape of the objects. Broad phase
algorithms are simple to parallelize, whereas narrow
phase algorithms are usually, for a given pair of ob-
jects, control-intensive. Due to the high computational
cost, in the mobile device context the CD scheme is
usually limited to just the broad phase and a reduced
number of objects in the scene. Our proposal addresses
this problem by presenting a low-power yet detailed CD
technique.

There exists a large body of research on CD [9, 10].
Both broad and narrow phases can be executed in a
CPU or a GPGPU, depending on the characteristics of
the specific platform. In most cases, the narrow phase of
CD is executed in the CPU because of the non-regular
nature of the computations, and in low-power systems
the broad phase is executed in the CPU as well. On the



other hand, there is a group of CD algorithms known
as Image-Based CD (IBCD). They consist of the ras-
terization of the surfaces of the scene objects and the
detection of their intersections based on the pixel depths
of the corresponding fragments [11]. As shown by pre-
vious works (see Section 6), these kind of techniques
have been proposed to exploit the computing power of
graphics processors and their ability to rasterize poly-
gons efficiently. Our proposed scheme belongs to this
family of techniques, but it is based on the observa-
tion that most of the tasks required for image-based CD
(e.g., projection, rasterization, etc.) are also performed
during image rendering. Hence, we propose to integrate
CD and image rendering within the GPU pipeline hard-
ware, so that these common tasks are done just once.
With minor hardware extensions, our technique reuti-
lizes some intermediate results of the rendering pipeline
to perform the CD task and requires a small specialized
hardware unit within the GPU. Some of these adapta-
tions include allowing the software to pass collisionable
object identifiers to the GPU, selectively deferring face
culling, and adding small, specific hardware to detect
face intersections based on per-fragment location and
depth.

Comparing our technique, Render-Based Collision De-
tection (RBCD), with a conventional CD completely
executed in the CPU, we show that its execution time
is reduced by almost three orders of magnitude (600x
speedup), because most of the CD task of our model
comes for free by reusing the image rendering interme-
diate results. Although not necessarily, such a dramatic
time improvement may result in better frames per sec-
ond if physics simulation stays in the critical path. How-
ever, the most important advantage of our technique is
the enormous energy savings that result from eliminat-
ing a long and costly CPU computation and converting
it into a few simple operations executed by a special-
ized hardware within the GPU. Our results show that
the energy consumed by CD is reduced on average by a
factor of 448x (i.e., by 99.8%).

The rest of the paper is organized as follows: Sec-
tion 2 introduces the image-based collision detection
method that we propose in our work. Section 3 in-
troduces the GPU baseline and gives implementation
details of our proposal. In Section 4, the experimental
framework we use to evaluate our proposal is presented.
Results for the CPU/GPU system are discussed in Sec-
tion 5. Section 6 briefly discusses related work. Finally,
the main conclusions are summarized in Section 7.

2. RBCD OVERVIEW
CD has been investigated for more than twenty years

in different areas like computer graphics, robotics, or
virtual reality. There are many proposals to detect ob-
ject interference through geometric computations, ei-
ther by computing intersections between pairs of ge-
ometric primitives such as triangles or spheres, or by
computing the distance between points in the 3D space
in the surface of objects.

The cost of CD for a given pair of objects is typi-

cally O(n*n), where n is the number of polygons. This
quadratic complexity and the fact that the number of
polygons is usually very large often makes it be the most
computationally-intensive task in physics-based anima-
tion. Its computing requirements are often alleviated by
representing objects by simple bounding volumes. This
simplification, known as broad phase, discards object
pairs that are clearly unable to collide. On a second
step, known as narrow phase, more accurate collision
tests are applied to the remaining potentially collision-
able geometric primitives. However, on mobile devices,
where the limited energy consumption constrains the
amount of computation, real-time CD is often restricted
to a simple bounding volume model analysis.

Our proposal is an IBCD method based upon the
scheme proposed by Shinya and Forgue [12], which has
also been the basis for some more recent works (see
Section 6).

2.1 IBCD Basics
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Figure 1: Discretized representation of the en-
try and the exit points of the surfaces in a 3D
scene for pixels P1, P2, and P3. The Y-axis is a
one-dimensional representation of the projection
plane and the Z-axis represents depth.

The pioneering work of Shinya and Forgue opened
the path to perform CD in graphics hardware. This
proposal consists of four steps. In the first step, the
scene objects are projected onto a given plane in 3D
space, for instance the screen plane, thus obtaining the
coordinates (x,y) and the depth (z-value) of each vertex
with respect to that plane. The second step consists of
rasterizing all the surfaces of the collisionable objects,
regardless of their visibility, both front and back faces.
This process results in a collection of per-pixel lists of z-
values, each indicating the depth of some point in one of
the surfaces. Each list element also includes, along with
the z-value, the object identifier. In the third step, for
each pixel, the elements of the list are sorted by depth.
In the fourth step, for each pixel, the algorithm detects
possible overlaps between z-ranges of different objects.

Figure 1 illustrates an example with three objects A,
B, C. Objects A and B are colliding, because their z-
ranges overlap at pixels P1 (z11-z12) and P2 (z23-z24).
However, neither objects A and C, nor B and C inter-
fere, since their z-ranges are disjointed.

The main advantages of this algorithm are its sim-
plicity, its time complexity proportional to the number
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Figure 2: (a) Front view of a 3D scene (b) AABBs as collisionable shapes (c) Convex hull for GJK
algorithm (d) RBCD.

of faces per object, the possibility of being accelerated
with a GPU, and its applicability to any kind of ren-
derizable surface. On the other hand, its resolution is
finite (pixel resolution), but it has more than enough
accuracy for practical purposes of visual realism in real
time computer animation.

2.2 Motivation for RBCD
Our proposal is motivated by the observation that

the tasks involved in the first two IBCD steps, i.e. pro-
jection and rasterization, are already done in the im-
age rendering of a 3D scene. Effectively, in a typical
GPU the projection of the objects onto the screen is per-
formed by the Geometry Pipeline and the rasterization
occurs in the Raster Pipeline. At this point, it would
be possible to send some rendering results, the fragment
screen coordinates and the per-pixel z-depth values to
the CPU so that the remaining two IBCD steps, i.e.,
z-depth sorting and z-overlap analysis, would be final-
ized there. However, the required communication would
imply a high energy cost and would consume precious
memory bandwidth. In contrast, our proposal consists
of finalizing the last two IBCD steps within the GPU,
so we only communicate to the CPU the detected col-
liding pairs of points. This way, the entire CD task gets
seamless integrated into the graphics rendering pipeline
of the GPU, hence we call it Render-Based Collision
Detection (RBCD). Moreover, these RBCD tasks are
executed in parallel with the processing of fragments,
thus hiding most of its execution time.

Our proposal is aimed at achieving two goals: to re-
duce the energy cost of the CD and provide high-fidelity
(accurate) results. The energy savings mainly come
from the reuse of image rendering intermediate results.
Regarding accuracy, the scene shown in Figure 2 illus-
trates the accuracy of CD using AABBs (broad phase),
the GJK algorithm (narrow phase), and RBCD. Due
to the large false collisionable area that AABBs add to
object A, false collisions are detected for pairs (A,C)
and (A,B). With GJK, a false collision is still detected
for pair (A,C). GJK only works with convex shapes, so
if applied on a complex concave shape like A, one op-
tion is to use the convex hull of the shape, which results
in adding a false collisionable area. In contrast, RBCD
takes advantage of the discretized collision shape, which
makes the false collisionable area much smaller than the

other schemes, and thus does not produce any false col-
lision for the given example. Note that the higher the
rendering resolution, the smaller the false collisionable
area that RBCD adds to the shapes of the collisionable
objects.

2.3 Enabling RBCD in the GPU
Enabling the GPU to perform RBCD has four re-

quirements (implementation details are in Section 3):

1. Animation engines usually differentiate between
collisionable and non-collisionable objects and, in
order to be efficient, do not apply CD to the en-
tire scene but just to the objects susceptible to
colliding. To identify collisionable geometry along
the pipeline, each of the primitives that belong to
collisionable objects must be associated to its ob-
ject identifier. Besides, the application must send
these identifiers to the GPU, embedded into the
graphics commands. As will be shown later, no
changes are needed in the OpenGL ES standard,
but obviously existing software should be adapted
to take advantage of the new GPU capability.

2. For each pixel, we need to store the z-depths of
all fragments covering it, to make possible the z-
overlap analysis. The conventional Z-buffer does
not serve for this purpose because, since its goal
is to eliminate occluded surfaces, it just stores the
z-depth of the front-most opaque fragment seen
so far. Thus, we propose adding a new Z-depth
Extended Buffer (ZEB), an array containing one
entry per pixel, each having a list of z-depths in-
stead of a single z-depth. For a Tile-Based Render-
ing (TBR) architecture such as our baseline (see
Section 3.1) both the Z-buffer and the ZEB hold
entries for just one tile of pixels, so they are imple-
mented by means of fast, on-chip memory. Each
ZEB entry is a fixed-size memory block containing
a list of elements, each corresponding to a frag-
ment and including not only its z-depth but also
the object id and the front/back orientation tag.
Moreover, to keep the lists always depth-sorted we
need a new hardware block that stores every ele-
ment from the Rasterizer into the corresponding
ZEB list by following a simple insertion-sort algo-
rithm.



3. Add a new specific hardware that analyzes the
ZEB pixel by pixel (i.e., one list at a time), detects
z-ranges overlaps, and sends the pairs of colliding
points to the CPU, through system memory.

4. All the surfaces of collisionable objects must go
through the Rasterizer stage, not only those that
are visible, because all their fragments are needed
to analyze possible z-range overlaps. The GPU
includes a Face Culling (FC) stage where primi-
tives that are identified as invisible are culled. In
traditional GPUs, FC occurs early in the pipeline,
before the Rasterization. Hence, culled primitives
that belong either to front, back, or both faces,
depending on the application, would never reach
the Rasterizer nor the RBCD unit. We propose
to defer the FC of collisionable objects until after
the Rasterization, when all fragment depths are
already stored in the ZEB. We show later in Sec-
tion 5.2 that this introduces a very small overhead,
which is more than offset by the huge benefits of
the proposed technique.

3. IMPLEMENTATION
This Section describes the implementation details of

our technique on a current graphics hardware. We first
introduce the baseline GPU assumed in our experiments.
Next we describe the extensions to the graphics pipeline
of the baseline architecture that are required to support
RBCD. The main addition is the RBCD unit, which
receives the results produced by the Rasterizer, stores
them into the ZEB, performs the Z-overlap Test, and
forwards the results to the CPU through the system
memory. The RBCD unit works in parallel with the
Early-Depth Test and subsequent stages of a typical
TBR pipeline (see Figure 3).

3.1 Baseline GPU
Our technique requires that all fragments for a given

pixel are already inserted into the ZEB buffer before the
RBCD unit begins to perform the z-overlap analysis.
Obviously, for time and energy reasons, our technique
mostly benefits from a rendering mode that facilitates
keeping intermediate results in on-chip local memory
and decouples the fragment processing from the RBCD
tasks. This is the case for mobile GPUs that follow
the TBR mode that we briefly describe below. Hence,
through the rest of the paper we assume a baseline tile-
based GPU architecture, ARM Mali MP400-like, that
includes one programmable vertex processor and four
programmable fragment processors.

TBR [13] is the preferred rendering mode in mobile
GPUs [14, 15]. In TBR, the frame is divided into tiles of
pixels—the tile size in Mali is 16x16 pixels—and the ren-
dering process is divided into two decoupled pipelines.
Figure 3 shows a block diagram of the GPU pipeline
with TBR mode, including our proposed RBCD unit.

The Geometry Pipeline performs geometry-related op-
erations such as transformations, vertex processing, ro-
tations, projections, clipping, culling, etc. and the re-

sulting primitives are sorted and stored by tiles [13]
into an intermediate buffer in system memory that is
accessed through the Tile Cache. The Raster Pipeline
begins to work once all the primitives of the frame have
been stored. It then processes the frame tile by tile,
stores the tile z-values to a local z-buffer, and renders
the tile colors to a local on-chip buffer. Once a tile is
rendered, the local color buffer is transferred to system
memory before processing the next tile, thus writing the
frame buffer just once per pixel and completely avoiding
non-local pixel overdraw. On the other hand, geometry-
related memory bandwidth is increased due to storing
and retrieving the geometry in the Tile Cache, but for
most current workloads the saved pixel traffic is greater
than the increased geometry traffic. PowerVR GPU [16]
goes one step further by introducing Deferred Rendering
(TBDR), which not only eliminates overdraw but also
guarantees that the Fragment Processor is used only for
those fragments that will be part of the final image.
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Figure 3: GPU microarchitecture including an
RBCD unit.

implementation and requirements.

3.2 Identification of Collisionable Objects
As stated above, identifiers are required by the RBCD

hardware to determine whether two z-ranges belong to
different collisionable objects. We need, therefore, to
maintain the object identifier for the collisionable ob-
jects along the graphics pipeline up to the Rasterizer
and the RBCD unit.

A simple way to do this is to include an object iden-
tifier in every draw command of collisionable objects.
This could be done using an OpenGL extension based
on the debug marker extension [16], implemented in
OpenGL ES 1.1 and 2.0. This extension allows the
programmer of an application to annotate the OpenGL
command stream with a descriptive text marker. In
our case, the marker would be the object ID and only
the draw commands of collisionable objects would use
it. This extension relies on the driver and the hardware
to maintain the object notion through the rest of the
graphics pipeline. Note that most of current 3D games
already tag objects as collisionable or non-collisionable
in order not to apply the CD algorithm to the whole
universe of the scene but only to the objects that can
collide. So the requirement here is to pass this informa-
tion from the game and physics engine to the GPU.

3.3 Deferred Face Culling
The FC stage, usually implemented with fixed-function

hardware, is included in the Primitive Assembly stage
of the Geometry Pipeline. FC may cull either the front,
the back, or both faces of the geometry sent to the
graphics pipeline [17]. Since a fundamental require-
ment for our RBCD unit is to consider the complete
geometric model of the objects to be tested, we pro-
pose to defer the culling of collisionable objects. During
the FC stage, collisionable objects that are to be culled

are just tagged-to-be-culled, so they can be later identi-
fied and handled appropriately after rasterization. The
Tile Scheduler sends all the primitives of a given tile
to the Rasterizer, which scan-converts them, creating
fragments. The Rasterizer sends all collisionable frag-
ments to the RBCD unit and it sends both collisionable
and non-collisionable fragments to the Early Z-Test, ex-
cept those tagged-to-be-culled, which are filtered out at
this point, thus making the Deferred Face Culling take
effect.

Obviously, this approach causes an increment in the
number of primitives sent to the Rasterizer, and there-
fore in the number of fragments it produces. In addi-
tion, it causes an increment in the traffic (both writes
and reads) from/to the Tile Cache. However, this over-
head does not affect further parts of the pipeline because
the tagged-to-be-culled fragments never reach the Early
Z-Test stage, and neither do the Fragment Processors,
which are identified as the most consuming part of the
graphics hardware pipeline [18]. We analyze these ef-
fects in Section 5.2.

3.4 Insertion into the Z-depth Extended Buffer
All the z-depths of collisionable fragments are sent to

the RBCD unit, where they are first stored into the Z-
depth Extended Buffer (ZEB). The ZEB is basically an
on-chip buffer containing an array of lists, one list per
pixel position. In our TBR architecture there are 16x16
pixels per tile, so the ZEB contains 256 lists. Each list
contains M elements, each describing one point in the
surface of a collisionable object. Each element in the list
includes the z-depth, the object-id, and the front/back
orientation tag. For instance, for M=8 the size of the
ZEB would be 8 KB. The size M of the list is fixed
for simplicity, which puts a limitation on the number
of fragments per pixel that can be analyzed. Beyond
that limit, an overflow occurs and some object overlaps
could be lost. This is discussed in Section 5.3.

Since RBCD relies on z-ordered lists to detect object
overlaps, the ZEB uses a simple sorted insertion pol-
icy entirely implemented in hardware, as shown in the
block-diagram in Figure 4. The insertion of a new ele-
ment Enew is a three-step process:

1. The list that corresponds to the currently pro-
cessed pixel is read from the ZEB and stored in
the List-Register. It contains up to M front-to-
back ordered elements E0 to EM-1 having depth
values Z0 to ZM-1.

2. The depth Znew of the element Enew is compared
against all z-values in the list, which is done in par-
allel with an array of less-than comparators. Each
comparator output Ci tells whether Znew is less
than Zi, and bits C0 to CM-1 are forwarded to an
array of M Multiplexers that shifts some elements
and places Enew in its corresponding order.

3. The ordered list, E’0 to E’M-1, is written back to
the ZEB.

Figure 3: GPU microarchitecture including an
RBCD unit.

The alternative to TBR is Immediate Mode Render-
ing (IMR). IMR is the preferred mode in desktop, lap-
top, and game console GPUs. In the mobile world, IMR
is used, for instance, in NVIDIA Tegra4 [17]. In IMR,
graphics commands are processed in the order they are
submitted to the GPU and the corresponding primi-
tives are processed through the graphics pipeline stages
as soon as they are generated. Since these primitives
are not guaranteed to occur in front-to-back order, IMR
may cause a certain level of pixel overdraw. This means
that the same color-buffer location is written more than
once, which consumes precious off-chip memory band-
width and wastes energy. With TBR, pixel overdraw
still occurs but it happens in the local buffer, which
saves pixel-related off-chip memory bandwidth, relative
to IMR [13].

Although the implementation of RBCD in an IMR
GPU is out of the scope of this work, we bear it in
mind to consider its implementation and requirements.



3.2 Identification of Collisionable Objects
As stated above, identifiers are required by the RBCD

hardware to determine whether two z-ranges belong to
different collisionable objects. We need, therefore, to
maintain the object identifier for the collisionable ob-
jects along the graphics pipeline up to the Rasterizer
and the RBCD unit.

A simple way to do this is to include an object iden-
tifier in every draw command of collisionable objects.
This could be done using an OpenGL extension based
on the debug marker extension [18], implemented in
OpenGL ES 1.1 and 2.0. This extension allows the
programmer of an application to annotate the OpenGL
command stream with a descriptive text marker. In
our case, the marker would be the object ID and only
the draw commands of collisionable objects would use
it. This extension relies on the driver and the hardware
to maintain the object notion through the rest of the
graphics pipeline. Note that most of current 3D games
already tag objects as collisionable or non-collisionable
in order not to apply the CD algorithm to the whole
universe of the scene but only to the objects that can
collide. So the requirement here is to pass this informa-
tion from the game and physics engine to the GPU.

3.3 Deferred Face Culling
The FC stage, usually implemented with fixed-function

hardware, is included in the Primitive Assembly stage
of the Geometry Pipeline. FC may cull either the front,
the back, or both faces of the geometry [19]. Since a fun-
damental requirement for our RBCD unit is to consider
the complete geometric model of the objects, we pro-
pose to defer the culling of collisionable objects. During
the FC stage, collisionable objects that are to be culled
are just tagged-to-be-culled, so they can be later identi-
fied and handled appropriately after rasterization. The
Tile Scheduler sends all the primitives of a given tile
to the Rasterizer, which scan-converts them, creating
fragments. The Rasterizer sends all collisionable frag-
ments to the RBCD unit and it sends both collisionable
and non-collisionable fragments to the Early Z-Test, ex-
cept those tagged-to-be-culled, which are filtered out at
this point, thus making the Deferred Face Culling take
effect.

Obviously, this approach causes an increment in the
number of primitives sent to the Rasterizer, and there-
fore in the number of fragments it produces. In addi-
tion, it causes an increment in the traffic (both writes
and reads) from/to the Tile Cache. However, this over-
head does not affect further parts of the pipeline because
the tagged-to-be-culled fragments never reach the Early
Z-Test stage, and neither do the Fragment Processors,
which are identified as the most consuming part of the
graphics hardware pipeline [20]. We analyze these ef-
fects in Section 5.2.

3.4 Insertion into the Z-depth Extended Buffer
All the z-depths of collisionable fragments are sent to

the RBCD unit, where they are first stored into the Z-
depth Extended Buffer (ZEB). The ZEB is basically an

on-chip buffer containing an array of lists, one list per
pixel position. In our TBR architecture there are 16x16
pixels per tile, so the ZEB contains 256 lists. Each list
contains M elements, each describing one point in the
surface of a collisionable object. Each element in the list
includes the z-depth, the object ID, and the front/back
orientation tag. For instance, for M=8 the size of the
ZEB would be 8 KB. The size M of the list is fixed
for simplicity, which puts a limitation on the number
of fragments per pixel that can be analyzed. Beyond
that limit, an overflow occurs and some object overlaps
could be lost. This is discussed in Section 5.3.

Since RBCD relies on z-ordered lists to detect ob-
ject overlaps, the ZEB uses a simple sorted insertion
policy entirely implemented in hardware, as shown in
the block-diagram in Figure 4. The insertion of a new
element Enew is a three-step process:

1. The list that corresponds to the currently pro-
cessed pixel is read from the ZEB and stored in
the List-Register. It contains up to M front-to-
back ordered elements E0 to EM-1 having depth
values Z0 to ZM-1.

2. The depth Znew of the element Enew is compared
against all z-values of the list in List-Register, which
is done in parallel with an array of less-than com-
parators. Each comparator output Ci tells whether
Znew is less than Zi, and bits C0 to CM-1 are for-
warded to an array of M Multiplexers that shifts
some elements and places Enew in its correspond-
ing order.

3. The ordered list, E’0 to E’M-1, is written back to
the ZEB.

Muxes
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LTComparators

E'0..E'M1

E0..EM1

E0..EM1

Z0..ZM1 ZNew

           Enew

    (from Rasterizer)

E0..EM1

 

C0..CM1

Figure 4: Sorted insertion hardware.

3.5 Z-Overlap Test
Once all the fragments of the tile are stored in the

ZEB, the Z-Overlap Test sequentially reads the lists
from the ZEB and for each list it analyzes possible
overlaps of z-ranges between different objects. The z-
depth along with the 2D coordinates of all the frag-
ments form a 3D representation of the 3D scene, which
makes the RBCD be projection-independent. The in-
terference cases between two objects are illustrated in
Figure 5. Each list illustrates one case, with points from
A and B z-ordered front-to-back. The algorithm tra-
verses each list front-to-back (left-to-right), and takes
the corresponding actions. Colliding pairs are detected
in cases 2 and 3.

The detection hardware is depicted in Figure 6. The
algorithm begins reading one ZEB entry and storing it
in the List-Register, then it traverses that z-ordered list
front to back, analyzing each element in sequence by
comparing it with the content of the FF-Stack. The
FF-stack is a small table containing up to T entries,
each having the object-id of a front-face fragment, and
a matched bit Mi that indicates whether the element
has already been paired with a back-face.

At the beginning, the FF-Stack is empty, then each el-
ement of the List-Register is read in turn and analyzed.
If the current element Ecur belongs to a front-face, then
Idcur is pushed onto the FF-Stack and its M bit is ini-
tialized to 0. Otherwise, if Ecur belongs to a back-face,
then the following two steps are done:

1. Idcur is compared against the object-ids of all ele-
ments in the FF-Stack with Mi=0, in search of its
corresponding front-face. The bottommost match-
ing id, Idm, of the FF-Stack delimits a depth in-
terval, (Idm, Idcur). All the front-faces Idi that
stay above Idm in the FF-Stack, regardless of the
bit Mi, belong to the overlapping interval, so their
output bits Hiti are set to 1 to notify that there
are collisions between the objects Idi and the ob-
ject Idcur.

2. All the colliding pairs <Idi, Idcur> and their coor-
dinates are written to an output buffer which will
be sent to the memory controller. The matched bit
Mm of the front-face element Idm is set to 1 before
the algorithm continues traversing the list. Tag-
ging the elements as previously matched instead
of deleting them from the FF-stack not only sim-
plifies the stack management, but also allows the
detection of overlaps with following back-faces of
the list.

Case List Ecur Action Stack Matched Notify

1. [A ]A [B ]B [A push [A 0

]A match [A 1

[B push [A, [B 1, 0

]B match [A, [B 1 ,1

2. [A [B ]A ]B [A push [A 0

[B push [A, [B 0, 0

]A match [A, [B 1, 0 <A,B>

]B match [A, [B 1, 1

3. [A [B ]B ]A [A push [A 0

[B push [A, [B 0, 0

]B match [A, [B 0, 1

]A match [A, [B 1, 1 <A,B>
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Figure 5: Interference cases between two ob-
jects, A and B. Open brackets ([) denote front-
faces while closing brackets (]) denote back-
faces.
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Note that one ZEB cannot contain fragments of dif-
ferent tiles at the same time, so whenever a new tile is
going to be sent to the Rasterizer, if the ZEB is still
receiving fragments of the previous tile, or is being an-
alyzed by the Z-overlap Test, then the Tile Scheduler
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3.5 Z-Overlap Test
Once all the fragments of the tile are stored in the

ZEB, the Z-Overlap Test sequentially reads the lists
from the ZEB and for each list it analyzes possible
overlaps of z-ranges between different objects. The z-
depth along with the 2D coordinates of all the frag-
ments form a 3D representation of the 3D scene, which



makes the RBCD be projection-independent. The in-
terference cases between two objects are illustrated in
Figure 5. Each list illustrates one case, with points from
A and B z-ordered front-to-back. The algorithm tra-
verses each list front-to-back (left-to-right), and takes
the corresponding actions. Colliding pairs are detected
in cases 2 and 3.
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The detection hardware is depicted in Figure 6. The
algorithm begins reading one ZEB entry and storing it
in the List-Register, then it traverses that z-ordered list
front to back, analyzing each element in sequence by
comparing it with the content of the FF-Stack. The
FF-stack is a small table containing up to T entries,
each having the object-id of a front-face fragment, and
a matched bit Mi that indicates whether the element
has already been paired with a back-face.

At the beginning, the FF-Stack is empty, then each el-
ement of the List-Register is read in turn and analyzed.
If the current element Ecur belongs to a front-face, then
Idcur is pushed onto the FF-Stack and its M bit is ini-
tialized to 0. Otherwise, if Ecur belongs to a back-face,
then the following two steps are done:

1. Idcur is compared against the object-ids of all ele-
ments in the FF-Stack with Mi=0, in search of its
corresponding front-face. The bottommost match-
ing id, Idm, of the FF-Stack delimits a depth in-
terval, (Idm, Idcur). All the front-faces Idi that
stay above Idm in the FF-Stack, regardless of the
bit Mi, belong to the overlapping interval, so their
output bits Hiti are set to 1 to notify that there
are collisions between the objects Idi and the ob-
ject Idcur.

2. All the colliding pairs <Idi, Idcur> and their coor-
dinates are written to an output buffer which will
be sent to the memory controller. The matched bit
Mm of the front-face element Idm is set to 1 before
the algorithm continues traversing the list. Tag-
ging the elements as previously matched instead
of deleting them from the FF-stack not only sim-
plifies the stack management, but also allows the
detection of overlaps with following back-faces of
the list.
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comparing it with the content of the FF-Stack. The
FF-stack is a small table containing up to T entries,
each having the object-id of a front-face fragment, and
a matched bit Mi that indicates whether the element
has already been paired with a back-face.

At the beginning, the FF-Stack is empty, then each el-
ement of the List-Register is read in turn and analyzed.
If the current element Ecur belongs to a front-face, then
Idcur is pushed onto the FF-Stack and its M bit is ini-
tialized to 0. Otherwise, if Ecur belongs to a back-face,
then the following two steps are done:

1. Idcur is compared against the object-ids of all ele-
ments in the FF-Stack with Mi=0, in search of its
corresponding front-face. The bottommost match-
ing id, Idm, of the FF-Stack delimits a depth in-
terval, (Idm, Idcur). All the front-faces Idi that
stay above Idm in the FF-Stack, regardless of the
bit Mi, belong to the overlapping interval, so their
output bits Hiti are set to 1 to notify that there
are collisions between the objects Idi and the ob-
ject Idcur.

2. All the colliding pairs <Idi, Idcur> and their coor-
dinates are written to an output buffer which will
be sent to the memory controller. The matched bit
Mm of the front-face element Idm is set to 1 before
the algorithm continues traversing the list. Tag-
ging the elements as previously matched instead
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ments form a 3D representation of the 3D scene, which
makes the RBCD be projection-independent. The in-
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corresponding front-face. The bottommost match-
ing id, Idm, of the FF-Stack delimits a depth in-
terval, (Idm, Idcur). All the front-faces Idi that
stay above Idm in the FF-Stack, regardless of the
bit Mi, belong to the overlapping interval, so their
output bits Hiti are set to 1 to notify that there
are collisions between the objects Idi and the ob-
ject Idcur.

2. All the colliding pairs <Idi, Idcur> and their coor-
dinates are written to an output buffer which will
be sent to the memory controller. The matched bit
Mm of the front-face element Idm is set to 1 before
the algorithm continues traversing the list. Tag-
ging the elements as previously matched instead
of deleting them from the FF-stack not only sim-
plifies the stack management, but also allows the
detection of overlaps with following back-faces of
the list.
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Note that one ZEB cannot contain fragments of dif-
ferent tiles at the same time, so whenever a new tile is
going to be sent to the Rasterizer, if the ZEB is still
receiving fragments of the previous tile, or is being an-
alyzed by the Z-overlap Test, then the Tile Scheduler
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Note that one ZEB cannot contain fragments of dif-
ferent tiles at the same time, so whenever a new tile is
going to be sent to the Rasterizer, if the ZEB is still
receiving fragments of the previous tile, or is being an-
alyzed by the Z-overlap Test, then the Tile Scheduler
must wait until the CD analysis completes, causing a
pipeline stall that may hurt performance and may have
static energy cost for the entire Raster Pipeline. For-
tunately, the hardware needed to implement a ZEB is
not expensive, so the RBCD unit is equipped with two
ZEBs in order to store the information from the cur-
rent tile being rasterized while the Z-overlap test is still
being run for the previous one.

3.6 Animation Loop
The application stage of the conventional graphics

pipeline, usually executed in the CPU, is responsible
for receiving user inputs, detecting collisions, comput-
ing the corresponding reactions based on physical rules
and updating the scene accordingly. This set of tasks
constitute a time step. After one or multiple time steps,
the resulting scene is finally rendered, usually with the
support of the GPU. After this, the whole process is re-
peated again, completing an animation or game loop [21].
Figure 7 shows, for two consecutive frames, an example
of game loop without and with RBCD.

Our proposal enables moving the CD task from the
time step to the GPU rendering. Hence, per every ren-
dered frame, RBCD detects collisions between all the
collisionable objects sent to the GPU, visible or not.
Should the application run additional time steps, it can
be done by rasterizing (not fragment processing) ex-
tra commands just containing the collisionable objects
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Figure 7: Example of game loop execution in the
CPU/GPU system, (a)without RBCD, (b)with
RBCD. CR and GCI stand for Collision Re-
sponse and GPU Command Issue respectively.

Our proposal enables moving the CD task from the
time step to the GPU rendering. Hence, per every ren-
dered frame, RBCD detects collisions between all the
collisionable objects sent to the GPU, visible or not.
Should the application run additional time steps, it can
be done by rasterizing (not fragment processing) ex-
tra commands just containing the collisionable objects
to be tested, or by calling conventional software-based
CD. Similarly, both approaches can be used to deal with
collisionable objects out of the view frustum if needed.

Executing multiple time steps per frame can help im-
prove the softness and realism of the animations, espe-
cially when rendering off-line or using high performance
graphics. However, because of the power limitations of
real-time rendering in mobile devices, one time step per
frame is what actually occurs in most current real-time
applications.

4. EXPERIMENTAL FRAMEWORK
RBCD shifts computation from the CPU to the GPU.

Due to that, we use a methodology capable of quanti-
fying the energy consumption and performance of the
collision detection, not only in the GPU but also in the

CPU, and we are able to measure the overall perfor-
mance and energy cost of the CPU/GPU system with
and without our technique. On the GPU side we use
Teapot [20], a simulation framework. On the CPU side
we use Marssx86 [21, 22] and McPAT [23].

In our experiments, we model a baseline GPU archi-
tecture that closely resembles that of the Utgard mi-
croarchitecture of the ARM Mali 400-MP [9]. Moreover,
our experimental framework assumes a widely used com-
mercial low-power SoC, the Exynos 4212 dual from Sam-
sung [24], which includes a Mali400MP GPU and an
dual-core ARM Cortex-A9 processor [25].

4.1 Benchmarks Set
Our benchmarks set is composed of the four different

Android commercial 3D applications listed in Table 1,
all of them using Unity3D.

Table 1: Benchmarks.
Benchmark Alias Description

Captain America cap beat’em up
Crazy Snowboard crazy snowboard arcade
Sleepy Jack sleepy action
Temple Run temple adventure arcade

4.2 GPU Simulation
Teapot [20] is a mobile GPU simulation infrastruc-

ture that is able to run and profile unmodified com-
mercial Android applications. It includes an OpenGL
commands interceptor, a GPU trace generator and a
cycle-accurate timing simulator. The parameters used
in the simulations are shown in Table 2.

While a graphical application is executed in the An-
droid emulator [26], a trace of OpenGL commands is
being generated. This trace is fed to the GPU trace
generator, which creates the GPU trace through a soft-
ware renderer included in Gallium3D [27].

The generated GPU trace file includes the vertex Pro-
cessor and pixel Processor instructions, the memory ad-
dresses of the texture and vertex data, the primitives
generated, and the corresponding fragments. The GPU
trace is supplied to the cycle-accurate timing simulator,
which accurately models the baseline GPU. This cycle-
accurate time simulator has been extended to integrate
the RBCD unit into the graphics pipeline, as described
in Section 3. The RBCD unit has been modeled using
McPAT’s components, shown between parenthesis in
the following list: the ZEBs (SRAM), LT-Comparators
(ALU); EQ-Comparators (XOR); List-Register, FF-Stack,
list and stack pointers (registers); hit logic (priority
encoder); and MUXes (MUX). The total area of the
RBCD unit is less than 1% of the area of the GPU.

4.3 Identifying Collisionable Objects
As we have discussed, our technique includes the iden-

tification of collisionable objects by the programmer.
Since the source code of our benchmarks is not available,
our strategy consisted on an off-line visual identification
of the draw commands of the collisionable objects. For
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of game loop without and with RBCD.

           CDCPU

GPU

CR GCI

Render

           CR

Render

CPU

GPU

CR CR ...

...

GCI

GCI

GCI

...

... ...

time step i

CD

time step i+1

RBCD
Render Render

...

(a)

           CDCPU

GPU

CR GCI

Render

           CR

Render

CPU

GPU

CR CR ...

...

GCI

GCI

GCI

...

... ...

time step i

CD

time step i+1

RBCD
Render Render

...

(b)

Figure 7: Example of game loop execution in the
CPU/GPU system, (a)without RBCD, (b)with
RBCD. CR and GCI stand for Collision Re-
sponse and GPU Command Issue respectively.

Our proposal enables moving the CD task from the
time step to the GPU rendering. Hence, per every ren-
dered frame, RBCD detects collisions between all the
collisionable objects sent to the GPU, visible or not.
Should the application run additional time steps, it can
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tra commands just containing the collisionable objects
to be tested, or by calling conventional software-based
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collisionable objects out of the view frustum if needed.
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Figure 7: Example of game loop execution in the
CPU/GPU system, (a)without RBCD, (b)with
RBCD. CR and GCI stand for Collision Re-
sponse and GPU Command Issue respectively.

to be tested, or by calling conventional software-based
CD. Similarly, both approaches can be used to deal with
collisionable objects out of the view frustum if needed.

Executing multiple steps per frame can help improve
realism of the animations, especially when rendering off-
line or using high performance graphics. However, be-
cause of the power limitations of real-time rendering in
mobile devices, one time step per frame is what actually
occurs in most current real-time applications.

4. EXPERIMENTAL FRAMEWORK
RBCD shifts computation from the CPU to the GPU.

Due to that, we use a methodology capable of quanti-
fying the energy consumption and performance of the
collision detection, not only in the GPU but also in the
CPU, and we are able to measure the overall perfor-
mance and energy cost of the CPU/GPU system with
and without our technique. On the GPU side we use
Teapot [22], a simulation framework. On the CPU side
we use Marssx86 [23] and McPAT [24].

In our experiments, we model a baseline GPU archi-
tecture that closely resembles that of the Utgard mi-
croarchitecture of the ARM Mali 400-MP [14]. More-
over, our experimental framework assumes a widely used
commercial low-power SoC, the Exynos 4212 dual from
Samsung [25], which includes a Mali400MP GPU and
an dual-core ARM Cortex-A9 processor [26].

4.1 GPU Simulation
Teapot [22] is a mobile GPU simulation infrastruc-

ture that is able to run and profile unmodified com-
mercial Android applications. It includes an OpenGL
commands interceptor, a GPU trace generator and a
cycle-accurate timing simulator. The parameters used
in the simulations are shown in Table 1.

While a graphical application is executed in the An-
droid emulator [27], a trace of OpenGL commands is
being generated. This trace is fed to the GPU trace
generator, which creates the GPU trace through a soft-
ware renderer included in Gallium3D [28].

The generated GPU trace file includes the vertex Pro-
cessor and pixel Processor instructions, the memory ad-

Table 1: CPU/GPU Simulation Parameters.
GPU Parameters

Tech Specs 400 MHz, 1 V, 32 nm
Screen Resolution 800x480 (WVGA)
Tile Size 16x16

Queues

Vertex (2x) 16 entries, 136 bytes/entry
Triangle, Tile 16 entries, 388 bytes/entry
Fragment 64 entries, 233 bytes/entry

Caches

Vertex Cache 64 bytes/line, 2-way associa-
tive, 4 KB, 1 bank, 1 cycle

Texture Caches (4x) 64 bytes/line, 2-way associa-
tive, 8 KB, 1 bank, 1 cycle

L2 Cache 64 bytes/line, 8-way associa-
tive, 128 KB, 8 banks, 2 cy-
cles

Color Buffers (4x) 64 bytes/line, 1-way associa-
tive, 1 KB, 1 bank, 1 cycle

Z Buffers (4x) 64 bytes/line, 1-way associa-
tive, 1 KB, 1 bank, 1 cycle

Non-programmable stages

Primitive assembly 1 triangle/cycle
Rasterizer 4 fragments/cycle
Early Z test 8 in-flight quad-fragments, 1

Z-buffer
Programmable stages

Vertex Processor 1 vertex processor
Fragment Processor 4 fragment processors
Latency Main memory 50-100 cycles
Bandwidth 4 bytes/cycle (dual channel)

RBCD Unit

ZEB buffers (2x) 32 bit/element, 8 elemen-
t/entry, 256 entries, 8 KB

CPU Parameters

Tech Specs 1500 MHz, 1 V, 32 nm
2 Cores 1 MB L2

Core Parameters

CPU Architecture Harvard
L1 Instruction Cache 32 KB/Core
L1 Data Cache 32 KB/Core

dresses of the texture and vertex data, the primitives
generated, and the corresponding fragments. The GPU
trace is supplied to the cycle-accurate timing simulator,
which accurately models the baseline GPU. This cycle-
accurate time simulator has been extended to integrate
the RBCD unit into the graphics pipeline, as described
in Section 3.

The RBCD unit has been modeled using McPAT’s
components, shown between parenthesis in the following
list: the ZEBs (SRAM), LT Comparators (ALU); EQ
Comparators (XOR); List-Register, FF Stack, list and
stack pointers (registers); hit logic (priority encoder);
and MUXes (MUX). The total area of the RBCD unit
is less than 1% of the area of the GPU.



No Optimization

Page 1

cap
crazy

sleepy
temple

geo.mean

0

200

400

600

800

1000

1200
1 ZEB 2 ZEB

S
p

e
e

d
u

p

(a)

No Optimization

Page 1

cap
crazy

sleepy
temple

geo.mean

0

200

400

600

800

1000

E
n

e
rg

y 
re

d
u

ct
io

n

(b)

No Optimization

Page 1

cap
crazy

sleepy
temple
geo.mean

0
1000
2000
3000
4000
5000
6000
7000

S
p
e
e
d
u
p

(c)

No Optimization

Page 1

cap
crazy

sleepy
temple

geo.mean

0
1000
2000
3000
4000
5000
6000

E
n

e
rg

y 
R

e
d

u
ct

io
n

(d)

Figure 8: (a) RBCD speedup vs. Broad-CD, (b) Energy reduction of RBCD vs. broad-CD, (c)
RBCD speedup vs. GJK-CD, (d) Energy reduction of RBCD vs. GJK-CD

this purpose, we created an application in order to pro-
duce an independent image with the result of every draw
command. Once identified, the GPU draw commands
of every collisionable object were tagged with a unique
object ID.

4.4 CPU Simulation
Since we do not have the source code of the bench-

marks, in order to simulate the CD on the CPU for
our benchmark set we extracted the geometry of all the
collisionable objects for every GPU trace fed into the
cycle-accurate simulator of Teapot. That is, for a given
trace we obtain the 3D meshes of vertices of every col-
lisionable object in the same world space coordinates
as they have in the original benchmark. This is all the
information that a CD algorithm needs in order to test
overlaps.

In order to simulate the CPU CD of our benchmarks
set, we employed Bullet [28], a 3D Real-Time Multi-
physics Library. Bullet provides state-of-the-art colli-
sion detection and soft and rigid body dynamics. Bullet
is a good choice since it is widely used in industry [29]
(e.g., Grand Theft Auto V and Red Dead Redemption).

Using Bullet, we have created an application that
loads the meshes of the collisionable objects and then
performs the CD for every frame of the original bench-
mark. We implement two different CD versions, the
first one just performs a broad phase, and the second
one performs both broad and narrow phases. These
two versions are simulated with Marss and the activity
factors generated are fed into McPAT to obtain the en-
ergy cost of performing the CD in the CPU. The time
and the energy of loading the 3D meshes are subtracted
from the CPU results.

5. EXPERIMENTAL RESULTS
In this section, we first show the benefits and over-

heads of RBCD and then, we perform a sensitivity anal-
ysis of the effect of the maximum length of the ZEB
lists.

5.1 Performance and Energy Benefits
This section demonstrates that RBCD provides huge

benefits in terms of both performance and power at a
very low cost in a low-power CPU/GPU system, using

a set of commercial graphic applications (see Table 1).
The speedup (1) is obtained comparing the time that
the CPU employs performing the CD against the extra
time that RBCD adds to the baseline GPU execution
time. The energy reduction factor is computed analo-
gously using equation (2).

Speedup = tCPUCD

tGPURBCD
− tGPUbaseline

(1)

Energy Reduction = ECPUCD

EGPURBCD
−EGPUbaseline

(2)

Figure 8a shows the speedup of RBCD with respect
to a system that performs a broad CD (AABBs) in
the CPU and Figure 8b shows the energy reduction of
RBCD with respect to the same system. For these ex-
periments, the RBCD unit is equipped with one and
two ZEBs. The special behavior of Crazy Snowboard
is explained in Section 5.2. As it can be observed, our
approach obtains a speedup of around 250x and a 273x
energy reduction on average with just one ZEB buffer
in the RBCD unit and a speedup of around 600x and
a 448x energy reduction with two ZEB buffers. We
also compare RBCD against a scheme executing both
the broad and narrow phases. The broad phase uses
AABBs and the narrow phase is the GJK [30, 31, 32]
algorithm implemented in Bullet. Using two ZEBs is
better because it helps avoiding some pipeline stalls
minimizing the GPU overhead. As shown in Figures 8c
and 8d, the benefits in speedup and energy consump-
tion are even higher, with speedups of around 1400x
and 3400x for one and two ZEB buffers, respectively,
and energy reduction of around 1750x and 2875x re-
spectively. Furthermore, the RBCD scheme provides
a pixel-level granularity for CD, whereas the baseline
broad-CD implements the most simple broad phase, an
AABB overlap test. The benefits of RBCD are mainly
due to:

1. Both the execution time and the energy of the
CPU/GPU system are highly dominated by the
CD part that executes in the CPU. RBCD removes
all CD CPU activity while it requires minimal ex-
tra work in the GPU due to the reuse of data al-
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Figure 8: (a) RBCD speedup vs. Broad-CD, (b) Energy reduction of RBCD vs. broad-CD, (c)
RBCD speedup vs. GJK-CD, (d) Energy reduction of RBCD vs. GJK-CD

this purpose, we created an application in order to pro-
duce an independent image with the result of every draw
command. Once identified, the GPU draw commands
of every collisionable object were tagged with a unique
object ID.

4.4 CPU Simulation
Since we do not have the source code of the bench-

marks, in order to simulate the CD on the CPU for
our benchmark set we extracted the geometry of all the
collisionable objects for every GPU trace fed into the
cycle-accurate simulator of Teapot. That is, for a given
trace we obtain the 3D meshes of vertices of every col-
lisionable object in the same world space coordinates
as they have in the original benchmark. This is all the
information that a CD algorithm needs in order to test
overlaps.

In order to simulate the CPU CD of our benchmarks
set, we employed Bullet [28], a 3D Real-Time Multi-
physics Library. Bullet provides state-of-the-art colli-
sion detection and soft and rigid body dynamics. Bullet
is a good choice since it is widely used in industry [29]
(e.g., Grand Theft Auto V and Red Dead Redemption).

Using Bullet, we have created an application that
loads the meshes of the collisionable objects and then
performs the CD for every frame of the original bench-
mark. We implement two different CD versions, the
first one just performs a broad phase, and the second
one performs both broad and narrow phases. These
two versions are simulated with Marss and the activity
factors generated are fed into McPAT to obtain the en-
ergy cost of performing the CD in the CPU. The time
and the energy of loading the 3D meshes are subtracted
from the CPU results.

5. EXPERIMENTAL RESULTS
In this section, we first show the benefits and over-

heads of RBCD and then, we perform a sensitivity anal-
ysis of the effect of the maximum length of the ZEB
lists.

5.1 Performance and Energy Benefits
This section demonstrates that RBCD provides huge

benefits in terms of both performance and power at a
very low cost in a low-power CPU/GPU system, using

a set of commercial graphic applications (see Table 1).
The speedup (1) is obtained comparing the time that
the CPU employs performing the CD against the extra
time that RBCD adds to the baseline GPU execution
time. The energy reduction factor is computed analo-
gously using equation (2).

Speedup = tCPUCD

tGPURBCD
− tGPUbaseline

(1)

Energy Reduction = ECPUCD

EGPURBCD
−EGPUbaseline

(2)

Figure 8a shows the speedup of RBCD with respect
to a system that performs a broad CD (AABBs) in
the CPU and Figure 8b shows the energy reduction of
RBCD with respect to the same system. For these ex-
periments, the RBCD unit is equipped with one and
two ZEBs. The special behavior of Crazy Snowboard
is explained in Section 5.2. As it can be observed, our
approach obtains a speedup of around 250x and a 273x
energy reduction on average with just one ZEB buffer
in the RBCD unit and a speedup of around 600x and
a 448x energy reduction with two ZEB buffers. We
also compare RBCD against a scheme executing both
the broad and narrow phases. The broad phase uses
AABBs and the narrow phase is the GJK [30, 31, 32]
algorithm implemented in Bullet. Using two ZEBs is
better because it helps avoiding some pipeline stalls
minimizing the GPU overhead. As shown in Figures 8c
and 8d, the benefits in speedup and energy consump-
tion are even higher, with speedups of around 1400x
and 3400x for one and two ZEB buffers, respectively,
and energy reduction of around 1750x and 2875x re-
spectively. Furthermore, the RBCD scheme provides
a pixel-level granularity for CD, whereas the baseline
broad-CD implements the most simple broad phase, an
AABB overlap test. The benefits of RBCD are mainly
due to:

1. Both the execution time and the energy of the
CPU/GPU system are highly dominated by the
CD part that executes in the CPU. RBCD removes
all CD CPU activity while it requires minimal ex-
tra work in the GPU due to the reuse of data al-
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Figure 8: (a) RBCD speedup vs. Broad-CD, (b) Energy reduction of RBCD vs. broad-CD, (c)
RBCD speedup vs. GJK-CD, (d) Energy reduction of RBCD vs. GJK-CD

this purpose, we created an application in order to pro-
duce an independent image with the result of every draw
command. Once identified, the GPU draw commands
of every collisionable object were tagged with a unique
object ID.

4.4 CPU Simulation
Since we do not have the source code of the bench-

marks, in order to simulate the CD on the CPU for
our benchmark set we extracted the geometry of all the
collisionable objects for every GPU trace fed into the
cycle-accurate simulator of Teapot. That is, for a given
trace we obtain the 3D meshes of vertices of every col-
lisionable object in the same world space coordinates
as they have in the original benchmark. This is all the
information that a CD algorithm needs in order to test
overlaps.

In order to simulate the CPU CD of our benchmarks
set, we employed Bullet [28], a 3D Real-Time Multi-
physics Library. Bullet provides state-of-the-art colli-
sion detection and soft and rigid body dynamics. Bullet
is a good choice since it is widely used in industry [29]
(e.g., Grand Theft Auto V and Red Dead Redemption).

Using Bullet, we have created an application that
loads the meshes of the collisionable objects and then
performs the CD for every frame of the original bench-
mark. We implement two different CD versions, the
first one just performs a broad phase, and the second
one performs both broad and narrow phases. These
two versions are simulated with Marss and the activity
factors generated are fed into McPAT to obtain the en-
ergy cost of performing the CD in the CPU. The time
and the energy of loading the 3D meshes are subtracted
from the CPU results.

5. EXPERIMENTAL RESULTS
In this section, we first show the benefits and over-

heads of RBCD and then, we perform a sensitivity anal-
ysis of the effect of the maximum length of the ZEB
lists.

5.1 Performance and Energy Benefits
This section demonstrates that RBCD provides huge

benefits in terms of both performance and power at a
very low cost in a low-power CPU/GPU system, using

a set of commercial graphic applications (see Table 1).
The speedup (1) is obtained comparing the time that
the CPU employs performing the CD against the extra
time that RBCD adds to the baseline GPU execution
time. The energy reduction factor is computed analo-
gously using equation (2).

Speedup = tCPUCD

tGPURBCD
− tGPUbaseline

(1)

Energy Reduction = ECPUCD

EGPURBCD
−EGPUbaseline

(2)

Figure 8a shows the speedup of RBCD with respect
to a system that performs a broad CD (AABBs) in
the CPU and Figure 8b shows the energy reduction of
RBCD with respect to the same system. For these ex-
periments, the RBCD unit is equipped with one and
two ZEBs. The special behavior of Crazy Snowboard
is explained in Section 5.2. As it can be observed, our
approach obtains a speedup of around 250x and a 273x
energy reduction on average with just one ZEB buffer
in the RBCD unit and a speedup of around 600x and
a 448x energy reduction with two ZEB buffers. We
also compare RBCD against a scheme executing both
the broad and narrow phases. The broad phase uses
AABBs and the narrow phase is the GJK [30, 31, 32]
algorithm implemented in Bullet. Using two ZEBs is
better because it helps avoiding some pipeline stalls
minimizing the GPU overhead. As shown in Figures 8c
and 8d, the benefits in speedup and energy consump-
tion are even higher, with speedups of around 1400x
and 3400x for one and two ZEB buffers, respectively,
and energy reduction of around 1750x and 2875x re-
spectively. Furthermore, the RBCD scheme provides
a pixel-level granularity for CD, whereas the baseline
broad-CD implements the most simple broad phase, an
AABB overlap test. The benefits of RBCD are mainly
due to:

1. Both the execution time and the energy of the
CPU/GPU system are highly dominated by the
CD part that executes in the CPU. RBCD removes
all CD CPU activity while it requires minimal ex-
tra work in the GPU due to the reuse of data al-
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Figure 8: (a) RBCD speedup vs. Broad-CD, (b) Energy reduction of RBCD vs. broad-CD, (c)
RBCD speedup vs. GJK-CD, (d) Energy reduction of RBCD vs. GJK-CD

this purpose, we created an application in order to pro-
duce an independent image with the result of every draw
command. Once identified, the GPU draw commands
of every collisionable object were tagged with a unique
object ID.

4.4 CPU Simulation
Since we do not have the source code of the bench-

marks, in order to simulate the CD on the CPU for
our benchmark set we extracted the geometry of all the
collisionable objects for every GPU trace fed into the
cycle-accurate simulator of Teapot. That is, for a given
trace we obtain the 3D meshes of vertices of every col-
lisionable object in the same world space coordinates
as they have in the original benchmark. This is all the
information that a CD algorithm needs in order to test
overlaps.

In order to simulate the CPU CD of our benchmarks
set, we employed Bullet [28], a 3D Real-Time Multi-
physics Library. Bullet provides state-of-the-art colli-
sion detection and soft and rigid body dynamics. Bullet
is a good choice since it is widely used in industry [29]
(e.g., Grand Theft Auto V and Red Dead Redemption).

Using Bullet, we have created an application that
loads the meshes of the collisionable objects and then
performs the CD for every frame of the original bench-
mark. We implement two different CD versions, the
first one just performs a broad phase, and the second
one performs both broad and narrow phases. These
two versions are simulated with Marss and the activity
factors generated are fed into McPAT to obtain the en-
ergy cost of performing the CD in the CPU. The time
and the energy of loading the 3D meshes are subtracted
from the CPU results.

5. EXPERIMENTAL RESULTS
In this section, we first show the benefits and over-

heads of RBCD and then, we perform a sensitivity anal-
ysis of the effect of the maximum length of the ZEB
lists.

5.1 Performance and Energy Benefits
This section demonstrates that RBCD provides huge

benefits in terms of both performance and power at a
very low cost in a low-power CPU/GPU system, using

a set of commercial graphic applications (see Table 1).
The speedup (1) is obtained comparing the time that
the CPU employs performing the CD against the extra
time that RBCD adds to the baseline GPU execution
time. The energy reduction factor is computed analo-
gously using equation (2).

Speedup = tCPUCD

tGPURBCD
− tGPUbaseline

(1)

Energy Reduction = ECPUCD

EGPURBCD
−EGPUbaseline

(2)

Figure 8a shows the speedup of RBCD with respect
to a system that performs a broad CD (AABBs) in
the CPU and Figure 8b shows the energy reduction of
RBCD with respect to the same system. For these ex-
periments, the RBCD unit is equipped with one and
two ZEBs. The special behavior of Crazy Snowboard
is explained in Section 5.2. As it can be observed, our
approach obtains a speedup of around 250x and a 273x
energy reduction on average with just one ZEB buffer
in the RBCD unit and a speedup of around 600x and
a 448x energy reduction with two ZEB buffers. We
also compare RBCD against a scheme executing both
the broad and narrow phases. The broad phase uses
AABBs and the narrow phase is the GJK [30, 31, 32]
algorithm implemented in Bullet. Using two ZEBs is
better because it helps avoiding some pipeline stalls
minimizing the GPU overhead. As shown in Figures 8c
and 8d, the benefits in speedup and energy consump-
tion are even higher, with speedups of around 1400x
and 3400x for one and two ZEB buffers, respectively,
and energy reduction of around 1750x and 2875x re-
spectively. Furthermore, the RBCD scheme provides
a pixel-level granularity for CD, whereas the baseline
broad-CD implements the most simple broad phase, an
AABB overlap test. The benefits of RBCD are mainly
due to:

1. Both the execution time and the energy of the
CPU/GPU system are highly dominated by the
CD part that executes in the CPU. RBCD removes
all CD CPU activity while it requires minimal ex-
tra work in the GPU due to the reuse of data al-

(d)

Figure 8: (a) RBCD speedup vs. Broad-CD, (b) Energy reduction of RBCD vs. broad-CD, (c)
RBCD speedup vs. GJK-CD, (d) Energy reduction of RBCD vs. GJK-CD

4.2 Identifying Collisionable Objects
As we have discussed, our technique includes the iden-

tification of collisionable objects by the programmer.
Since the source code of our benchmarks is not available,
our strategy consisted on an off-line visual identification
of the draw commands of the collisionable objects. For
this purpose, we created an application in order to pro-
duce an independent image with the result of every draw
command. Once identified, the GPU draw commands
of every collisionable object were tagged with a unique
object ID.

4.3 CPU Simulation
Since we do not have the source code of the bench-

marks, in order to simulate the CD on the CPU for
our benchmark set we extracted the geometry of all the
collisionable objects for every GPU trace fed into the
cycle-accurate simulator of Teapot. That is, for a given
trace we obtain the 3D meshes of vertices of every col-
lisionable object in the same world space coordinates
as they have in the original benchmark. This is all the
information that a CD algorithm needs in order to test
overlaps.

In order to simulate the CPU CD of our benchmarks
set, we employed Bullet [29], a 3D Real-Time Multi-
physics Library. Bullet provides state-of-the-art colli-
sion detection and soft and rigid body dynamics. Bullet
is a good choice since it is widely used in industry [30]
(e.g., Grand Theft Auto V and Red Dead Redemption).

Using Bullet, we have created an application that
loads the meshes of the collisionable objects and then
performs the CD for every frame of the original bench-
mark. We implement two different CD versions, the
first one just performs a broad phase, and the second
one performs both broad and narrow phases. These
two versions are simulated with Marss and the activity
factors generated are fed into McPAT to obtain the en-
ergy cost of performing the CD in the CPU. The time
and the energy of loading the 3D meshes are subtracted
from the CPU results.

4.4 Benchmarks Set
Our benchmarks set is composed of the four different

Android commercial 3D applications listed in Table 2,
all of them using Unity3D.

Table 2: Benchmarks.
Benchmark Alias Description

Captain America cap beat’em up
Crazy Snowboard crazy snowboard arcade
Sleepy Jack sleepy action
Temple Run temple adventure arcade

5. EXPERIMENTAL RESULTS
In this section, we first show the benefits and over-

heads of RBCD and then, we perform a sensitivity anal-
ysis to the maximum length of the ZEB lists.

5.1 Performance and Energy Benefits
This section demonstrates that RBCD provides huge

benefits in terms of both performance and power at a
very low cost in a low-power CPU/GPU system, using
a set of commercial graphic applications (see Table 2).
The speedup (1) is obtained comparing the time that
the CPU employs performing the CD against the extra
time that RBCD adds to the baseline GPU execution
time. The energy reduction factor is computed analo-
gously using equation (2).

Speedup = tCPUCD

tGPURBCD
− tGPUbaseline

(1)

Energy Reduction = ECPUCD

EGPURBCD
−EGPUbaseline

(2)

Figure 8a shows the speedup of RBCD with respect
to a system that performs a broad CD (AABBs) in
the CPU and Figure 8b shows the energy reduction of
RBCD with respect to the same system. For these ex-
periments, the RBCD unit is equipped with one and
two ZEBs. The special behavior of Crazy Snowboard
is explained in Section 5.2. As it can be observed, our
approach obtains a speedup of around 250x and a 273x
energy reduction on average with just one ZEB buffer
in the RBCD unit and a speedup of around 600x and
a 448x energy reduction with two ZEB buffers. We
also compare RBCD against a scheme executing both
the broad and narrow phases. The broad phase uses
AABBs and the narrow phase is the GJK [31, 32] algo-
rithm implemented in Bullet. Using two ZEBs is bet-
ter because it helps avoiding some pipeline stalls min-



imizing the GPU overhead. As shown in Figures 8c
and 8d, the benefits in speedup and energy consump-
tion are even higher, with speedups of around 1400x
and 3400x for one and two ZEB buffers, respectively,
and energy reduction of around 1750x and 2875x re-
spectively. Furthermore, the RBCD scheme provides
a pixel-level granularity for CD, whereas the baseline
broad-CD implements the most simple broad phase, an
AABB overlap test. The benefits of RBCD are mainly
due to:

1. Both the execution time and the energy of the
CPU/GPU system are highly dominated by the
CD part that executes in the CPU. RBCD removes
all CD CPU activity while it requires minimal ex-
tra work in the GPU due to the reuse of data al-
ready computed during the image rendering pro-
cess.

2. The power of the RBCD unit is very small com-
pared with the total power of the GPU.

5.2 GPU Overheads
This section analyzes the overhead, in terms of ex-

ecution time and energy consumption, of integrating
RBCD into the rendering pipeline. Figures 9a and 9b
show the execution time (3) and energy (4) consump-
tion of the proposed approach normalized to the base-
line GPU.

Normalized T ime = tGPURBCD

tGPUbaseline

(3)

Normalized Energy = EGPURBCD

EGPUbaseline

(4)

As shown in Figure 9a, the time overhead introduced
by RBCD is on average less than 5.4% with 1 ZEB, and
it decreases to 3% with 2 ZEBs. As shown in Figure 9b,
the energy overhead is on average 5.1% with 1 ZEB and
it decreases to 3.5% with 2 ZEBs.

Table 2: CPU/GPU Simulation Parameters.
GPU

Parameters

Frequency 400 MHz
Technology 32 nm
Screen Resolution 800x480 (WVGA)
Voltage 1 V
Tile Size 16x16

Queues

Vertex Queue (2x) 16 entries, 136 bytes/entry
Triangle Queue 16 entries, 388 bytes/entry
Fragment Queue 64 entries, 233 bytes/entry
Tile Queue 16 entries, 388 bytes/entry

Caches

Vertex Cache 64 bytes/line, 2-way associative,
4 KB, 1 bank, 1 cycle

Texture Caches
(4x)

64 bytes/line, 2-way associative,
8 KB, 1 bank, 1 cycle

L2 Cache 64 bytes/line, 8-way associative,
128 KB, 8 banks, 2 cycles

Color Buffers (4x) 64 bytes/line, 1-way associative,
1 KB, 1 bank, 1 cycle

Z Buffers (4x) 64 bytes/line, 1-way associative,
1 KB, 1 bank, 1 cycle

Non-programmable stages

Primitive assembly 1 triangle/cycle
Rasterizer 4 fragments/cycle
Early Z test 8 in-flight quad-fragments, 1 Z-

buffer
Programmable stages

Vertex Processor 1 vertex processor
Fragment Proces-
sor

4 fragment processors

Latency Main
memory

50-100 cycles

Bandwidth 4 bytes/cycle (dual channel)

RBCD Unit

ZEB buffers (2x) 32 bit/element, 8 element/entry,
256 entries, 8 KB

CPU
Parameters

Technology 32 nm
Voltage 1 V
Cores 2
L2 Cache 1 MB

Core Parameters

CPU Architecture Harvard
Frequency 1500 MHz
L1 Instruction
Cache

32 KB/Core

L1 Data Cache 32 KB/Core

ready computed during the image rendering pro-
cess.

2. The power of the RBCD unit is very small com-

pared with the total power of the GPU.

5.2 GPU Overheads
This section analyzes the overhead, in terms of ex-

ecution time and energy consumption, of integrating
RBCD into the rendering pipeline. Figures 9a and 9b
show the execution time (3) and energy (4) consump-
tion of the proposed approach normalized to the base-
line GPU.

Normalized T ime = tGPURBCD

tGPUbaseline

(3)

Normalized Energy = EGPURBCD

EGPUbaseline

(4)

As shown in Figure 9a, the time overhead introduced
by RBCD is on average less than 5.4% with 1 ZEB, and
it decreases to 3% with 2 ZEBs. As shown in Figure 9b,
the energy overhead is on average 5.1% with 1 ZEB and
it decreases to 3.5% with 2 ZEBs.
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Figure 9: (a) Rendering time of the GPU with
RBCD normalized to the rendering time of the
baseline GPU. (b) Rendering energy of the GPU
with RBCD normalized to rendering energy of
the baseline GPU.

As stated before, since the ZEB can only hold data
from just one tile at a time, having a single ZEB may
force the Rasterizer to stall if it fills up the RBCD unit
input queue with fragments from a new tile while the
Z-Overlap Test of the previous tile is not yet finished
or even it has not started. Note, however, that the
Rasterizer stalls may not have a direct impact on the
total pipeline time if the queue that feeds the frag-
ment processors contains enough work to keep them
busy during the stall. On the contrary, if this queue
becomes empty then the fragment processors are left
idle, which produces a performance penalty. Therefore,
having a second or more ZEB buffer(s) allows the Ras-
terizer to send collisionable fragments to another ZEB
of the RBCD unit while the other ZEB is being used
by the previous tile. The benchmark where this issue
is most relevant is Crazy Snowboard, having an over-
head around of 7% (the biggest) with one ZEB , and
less than 1% (the smallest) with two ZEBs. As shown
above, from one to two ZEBs the time overhead de-
creases on average around 2.4% while the energy over-
head decreases around 1.6%. We can observe that two

(a)

Table 2: CPU/GPU Simulation Parameters.
GPU

Parameters

Frequency 400 MHz
Technology 32 nm
Screen Resolution 800x480 (WVGA)
Voltage 1 V
Tile Size 16x16

Queues

Vertex Queue (2x) 16 entries, 136 bytes/entry
Triangle Queue 16 entries, 388 bytes/entry
Fragment Queue 64 entries, 233 bytes/entry
Tile Queue 16 entries, 388 bytes/entry

Caches

Vertex Cache 64 bytes/line, 2-way associative,
4 KB, 1 bank, 1 cycle

Texture Caches
(4x)

64 bytes/line, 2-way associative,
8 KB, 1 bank, 1 cycle

L2 Cache 64 bytes/line, 8-way associative,
128 KB, 8 banks, 2 cycles

Color Buffers (4x) 64 bytes/line, 1-way associative,
1 KB, 1 bank, 1 cycle

Z Buffers (4x) 64 bytes/line, 1-way associative,
1 KB, 1 bank, 1 cycle

Non-programmable stages

Primitive assembly 1 triangle/cycle
Rasterizer 4 fragments/cycle
Early Z test 8 in-flight quad-fragments, 1 Z-

buffer
Programmable stages

Vertex Processor 1 vertex processor
Fragment Proces-
sor

4 fragment processors

Latency Main
memory

50-100 cycles

Bandwidth 4 bytes/cycle (dual channel)

RBCD Unit

ZEB buffers (2x) 32 bit/element, 8 element/entry,
256 entries, 8 KB

CPU
Parameters

Technology 32 nm
Voltage 1 V
Cores 2
L2 Cache 1 MB

Core Parameters

CPU Architecture Harvard
Frequency 1500 MHz
L1 Instruction
Cache

32 KB/Core

L1 Data Cache 32 KB/Core

ready computed during the image rendering pro-
cess.

2. The power of the RBCD unit is very small com-

pared with the total power of the GPU.

5.2 GPU Overheads
This section analyzes the overhead, in terms of ex-

ecution time and energy consumption, of integrating
RBCD into the rendering pipeline. Figures 9a and 9b
show the execution time (3) and energy (4) consump-
tion of the proposed approach normalized to the base-
line GPU.

Normalized T ime = tGPURBCD

tGPUbaseline

(3)

Normalized Energy = EGPURBCD

EGPUbaseline

(4)

As shown in Figure 9a, the time overhead introduced
by RBCD is on average less than 5.4% with 1 ZEB, and
it decreases to 3% with 2 ZEBs. As shown in Figure 9b,
the energy overhead is on average 5.1% with 1 ZEB and
it decreases to 3.5% with 2 ZEBs.
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Figure 9: (a) Rendering time of the GPU with
RBCD normalized to the rendering time of the
baseline GPU. (b) Rendering energy of the GPU
with RBCD normalized to rendering energy of
the baseline GPU.

As stated before, since the ZEB can only hold data
from just one tile at a time, having a single ZEB may
force the Rasterizer to stall if it fills up the RBCD unit
input queue with fragments from a new tile while the
Z-Overlap Test of the previous tile is not yet finished
or even it has not started. Note, however, that the
Rasterizer stalls may not have a direct impact on the
total pipeline time if the queue that feeds the frag-
ment processors contains enough work to keep them
busy during the stall. On the contrary, if this queue
becomes empty then the fragment processors are left
idle, which produces a performance penalty. Therefore,
having a second or more ZEB buffer(s) allows the Ras-
terizer to send collisionable fragments to another ZEB
of the RBCD unit while the other ZEB is being used
by the previous tile. The benchmark where this issue
is most relevant is Crazy Snowboard, having an over-
head around of 7% (the biggest) with one ZEB , and
less than 1% (the smallest) with two ZEBs. As shown
above, from one to two ZEBs the time overhead de-
creases on average around 2.4% while the energy over-
head decreases around 1.6%. We can observe that two
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Figure 9: (a) Rendering time of the GPU with
RBCD normalized to the rendering time of the
baseline GPU. (b) Rendering energy of the GPU
with RBCD normalized to rendering energy of
the baseline GPU.

As stated before, since the ZEB can only hold data
from just one tile at a time, having a single ZEB may
force the Rasterizer to stall if it fills up the RBCD unit
input queue with fragments from a new tile while the

Z-Overlap Test of the previous tile is not yet finished or
even it has not started. Note, however, that the Ras-
terizer stalls may not have a direct impact on the total
pipeline time if the queue that feeds the fragment pro-
cessors contains enough work to keep them busy during
the stall. On the contrary, if this queue becomes empty
then the fragment processors are left idle, which pro-
duces a performance penalty. Therefore, having a sec-
ond or more ZEB buffer(s) allows the Rasterizer to send
collisionable fragments to another ZEB of the RBCD
unit while the other ZEB is being used by the previous
tile. The benchmark where this issue is most relevant
is Crazy Snowboard, having an overhead around of 7%
(the biggest) with one ZEB , and less than 1% (the
smallest) with two ZEBs.

As shown above, from one to two ZEBs the time
overhead decreases on average around 2.4% while the
energy overhead decreases around 1.6%. We can ob-
serve that two ZEBs are enough to avoid practically all
stalls, and additional experiments (not shown in this
graph) showed that including more ZEBs does not im-
prove time and slightly increases the energy consump-
tion.

The second source of overhead comes from the extra
tagged-to-be-culled primitives that are processed by the
GPU pipeline, and which are necessary to perform CD
in the RBCD unit. This extra work, which we exam-
ine in more detail in the next paragraphs, affects both
the Geometry Pipeline and the Raster Pipeline but the
main impact occurs in the latter one since its computing
requirements are much higher, as shown in Figure 10.
For these experiments we have considered two ZEBs in
the RBCD unit.

ZEBs are enough to avoid practically all stalls, and ad-
ditional experiments (not shown in this graph) showed
that including more ZEBs does not improve time and
slightly increases the energy consumption.

The second source of overhead comes from the extra
tagged-to-be-culled primitives that are processed by the
GPU pipeline, and which are necessary to perform CD
in the RBCD unit. This extra work, which we exam-
ine in more detail in the next paragraphs, affects both
the Geometry Pipeline and the Raster Pipeline but the
main impact occurs in the latter one since its computing
requirements are much higher, as shown in Figure 10.
For these experiments we have considered two ZEBs in
the RBCD unit. Sheet29
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Figure 10: GPU time breakdown including time
of Geometry and Raster pipelines.

Regarding the Geometry Pipeline, the Polygon List
Builder has more work to do in order to process the
extra tagged-to-be-culled primitives, which translates
to 32% more stores to the Tile Cache and around 8.8%
more write misses. However, the execution time of the
Geometry Pipeline increases on average less than 1%.

Regarding the Raster Pipeline, Figure 11 shows some
activity factors to illustrate the main sources of over-
head, all normalized to the baseline GPU. The execu-
tion time of the Raster Pipeline increases by 3.7%. This
is due to the fact that the Tile Fetcher reads 18.4% more
primitives from the Tile Cache, which translates into
19.3% more loads and around 6.6% more read misses.

The extra primitives cause the Rasterizer to produce
6.3% more fragments. On the one hand, the increase
in the number of fragments is smaller than the increase
of primitives because the average size of the tagged-to-
be-culled primitives, which are part of high detail 3D
models, is smaller than the average size of a primitive.

On the other hand, these extra tagged-to-be-culled
fragments are not sent to the input queue of the Early-
Z Test, which translates to an increment around 3.6%
of the idle cycles of the fragment processors. The incre-
ment of idle cycles is smaller than the increment in the
number of fragments, because the rasterization of the
tagged-to-be-culled primitives partially overlaps with
the execution of the fragment processors, thus partially
hiding its latency. In other words, the execution time of
the Raster Pipeline is increased if the fragment proces-
sors do not have enough work to do because the input
queue that feeds them has been emptied while the Ras-
terizer is producing the tagged-to-be-culled fragments,
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Figure 11: Tile Cache loads, primitives, frag-
ments, and Raster Cycles with the GPU includ-
ing RBCD normalized to the GPU baseline.

which occurs in 3.6% more cycles. In summary, we can
conclude that RBCD adds a low overhead to the GPU
because:

1. RBCD reuses all data transmission and geome-
try processing of collisionable objects done by the
GPU to render the image of a given scene.

2. RBCD exploits the fact that the 84.4% of the prim-
itives are already rasterized in the baseline, pro-
ducing the 94% of the fragments needed by the
RBCD unit.

3. The extra cycles that RBCD adds to the GPU
pipeline are partially hidden by the fragment pro-
cessing execution.

4. The static power of the RBCD unit is very small,
being less than 1% of the total static power of the
GPU.

5.3 Sensitivity to ZEB List Length
The amount of collisionable geometry of a benchmark

and its concentration in the scene may stress the RBCD
unit and increase the overheads in the GPU. For our set
of benchmarks, we found that one RBCD unit with one
Insertion Sort unit, one Z-Overlap Test unit, and two
ZEBs with lists of a maximum size of 8 are adequate.
The size of a ZEB with 256 lists, 8 entries per list, and
32 bits per entry is 8 KB. As described above, we im-
plemented the ZEB as an array of fixed-length lists for
simplicity reasons. However, the downside is that over-
flows are possible if more than M fragments from colli-
sionable objects are found in the same pixel, being M
the length of the lists. Of course, having longer lists re-
duces the probability that overflows occur, but it comes
at the cost of more area and energy.

Table 3 shows the percentage of times a list of the
ZEB overflows for lists with 4, 8, and 16 entries. With
four entries the overflow rate is below 2% for Captain
America and Crazy Snowboard, but increases above 7%
in Sleepy Jack and up to 16.6% in Temple Run. The
reason is that the first two benchmarks have less colli-
sionable objects, and they are more spread across the
projection plane. In other words, they have less ob-
jects overlapping the same pixels than in the other two

Figure 10: GPU time breakdown including time
of Geometry and Raster pipelines.

Regarding the Geometry Pipeline, the Polygon List
Builder has more work to do in order to process the
extra collisionable tagged-to-be-culled primitives, which
translates to 32% more stores to the Tile Cache and
around 8.8% more write misses. However, the execution
time of the Geometry Pipeline increases on average less
than 1%.

Regarding the Raster Pipeline, Figure 11 shows some
activity factors to illustrate the main sources of over-
head, all normalized to the baseline GPU. The execu-
tion time of the Raster Pipeline increases by 3.7%. This
is due to the fact that the Tile Fetcher reads 18.4% more
primitives from the Tile Cache, which translates into
19.3% more loads and around 6.6% more read misses.



The extra primitives cause the Rasterizer to produce
6.3% more fragments. However, the increase in the
number of fragments is smaller than the increase of
primitives because the average size of the tagged-to-
be-culled primitives, which are part of high detail 3D
models, is smaller than the average size of a primitive.

ZEBs are enough to avoid practically all stalls, and ad-
ditional experiments (not shown in this graph) showed
that including more ZEBs does not improve time and
slightly increases the energy consumption.

The second source of overhead comes from the extra
tagged-to-be-culled primitives that are processed by the
GPU pipeline, and which are necessary to perform CD
in the RBCD unit. This extra work, which we exam-
ine in more detail in the next paragraphs, affects both
the Geometry Pipeline and the Raster Pipeline but the
main impact occurs in the latter one since its computing
requirements are much higher, as shown in Figure 10.
For these experiments we have considered two ZEBs in
the RBCD unit. Sheet29
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Figure 10: GPU time breakdown including time
of Geometry and Raster pipelines.

Regarding the Geometry Pipeline, the Polygon List
Builder has more work to do in order to process the
extra tagged-to-be-culled primitives, which translates
to 32% more stores to the Tile Cache and around 8.8%
more write misses. However, the execution time of the
Geometry Pipeline increases on average less than 1%.

Regarding the Raster Pipeline, Figure 11 shows some
activity factors to illustrate the main sources of over-
head, all normalized to the baseline GPU. The execu-
tion time of the Raster Pipeline increases by 3.7%. This
is due to the fact that the Tile Fetcher reads 18.4% more
primitives from the Tile Cache, which translates into
19.3% more loads and around 6.6% more read misses.

The extra primitives cause the Rasterizer to produce
6.3% more fragments. On the one hand, the increase
in the number of fragments is smaller than the increase
of primitives because the average size of the tagged-to-
be-culled primitives, which are part of high detail 3D
models, is smaller than the average size of a primitive.

On the other hand, these extra tagged-to-be-culled
fragments are not sent to the input queue of the Early-
Z Test, which translates to an increment around 3.6%
of the idle cycles of the fragment processors. The incre-
ment of idle cycles is smaller than the increment in the
number of fragments, because the rasterization of the
tagged-to-be-culled primitives partially overlaps with
the execution of the fragment processors, thus partially
hiding its latency. In other words, the execution time of
the Raster Pipeline is increased if the fragment proces-
sors do not have enough work to do because the input
queue that feeds them has been emptied while the Ras-
terizer is producing the tagged-to-be-culled fragments,
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Figure 11: Tile Cache loads, primitives, frag-
ments, and Raster Cycles with the GPU includ-
ing RBCD normalized to the GPU baseline.

which occurs in 3.6% more cycles. In summary, we can
conclude that RBCD adds a low overhead to the GPU
because:

1. RBCD reuses all data transmission and geome-
try processing of collisionable objects done by the
GPU to render the image of a given scene.

2. RBCD exploits the fact that the 84.4% of the prim-
itives are already rasterized in the baseline, pro-
ducing the 94% of the fragments needed by the
RBCD unit.

3. The extra cycles that RBCD adds to the GPU
pipeline are partially hidden by the fragment pro-
cessing execution.

4. The static power of the RBCD unit is very small,
being less than 1% of the total static power of the
GPU.

5.3 Sensitivity to ZEB List Length
The amount of collisionable geometry of a benchmark

and its concentration in the scene may stress the RBCD
unit and increase the overheads in the GPU. For our set
of benchmarks, we found that one RBCD unit with one
Insertion Sort unit, one Z-Overlap Test unit, and two
ZEBs with lists of a maximum size of 8 are adequate.
The size of a ZEB with 256 lists, 8 entries per list, and
32 bits per entry is 8 KB. As described above, we im-
plemented the ZEB as an array of fixed-length lists for
simplicity reasons. However, the downside is that over-
flows are possible if more than M fragments from colli-
sionable objects are found in the same pixel, being M
the length of the lists. Of course, having longer lists re-
duces the probability that overflows occur, but it comes
at the cost of more area and energy.

Table 3 shows the percentage of times a list of the
ZEB overflows for lists with 4, 8, and 16 entries. With
four entries the overflow rate is below 2% for Captain
America and Crazy Snowboard, but increases above 7%
in Sleepy Jack and up to 16.6% in Temple Run. The
reason is that the first two benchmarks have less colli-
sionable objects, and they are more spread across the
projection plane. In other words, they have less ob-
jects overlapping the same pixels than in the other two

Figure 11: Tile Cache loads, primitives, frag-
ments, and Raster Cycles with the GPU includ-
ing RBCD normalized to the GPU baseline.

On the other hand, these extra tagged-to-be-culled
fragments are not sent to the input queue of the Early-
Z Test, which translates to an increment around 3.6%
of the idle cycles of the fragment processors. The incre-
ment of idle cycles is smaller than the increment in the
number of fragments, because the rasterization of the
tagged-to-be-culled primitives partially overlaps with
the execution of the fragment processors, thus partially
hiding its latency. In other words, the execution time of
the Raster Pipeline is increased if the fragment proces-
sors do not have enough work to do because the input
queue that feeds them has been emptied while the Ras-
terizer is producing the tagged-to-be-culled fragments,
which occurs in 3.6% more cycles. In summary, we can
conclude that RBCD adds a low overhead to the GPU
because:

1. RBCD reuses all data transmission and geometry
processing of collisionable objects already done by
the GPU to render the image of a given scene.

2. RBCD exploits the fact that the 84.4% of the prim-
itives are already rasterized in the baseline, pro-
ducing the 94% of the fragments needed by the
RBCD unit.

3. The extra cycles that RBCD adds to the GPU
pipeline are partially hidden by the fragment pro-
cessing execution.

4. The static power of the RBCD unit is very small,
being less than 1% of the total static power of the
GPU.

5.3 Sensitivity to ZEB List Length
The amount of collisionable geometry of a benchmark

and its concentration in the scene may stress the RBCD
unit and increase the overheads in the GPU. For our set
of benchmarks, we found that one RBCD unit with one
Insertion Sort unit, one Z-Overlap Test unit, and two
ZEBs with lists of a maximum size of 8 are adequate.

The size of a ZEB with 256 lists, 8 entries per list, and
32 bits per entry is 8 KB. As described above, we im-
plemented the ZEB as an array of fixed-length lists for
simplicity reasons. However, the downside is that over-
flows are possible if more than M fragments from colli-
sionable objects are found in the same pixel, being M
the length of the lists. Of course, having longer lists re-
duces the probability that overflows occur, but it comes
at the cost of more area and energy.

Table 3 shows the percentage of times a list of the
ZEB overflows for lists with 4, 8, and 16 entries. With
four entries the overflow rate is below 2% for Captain
America and Crazy Snowboard, but increases above 7%
in Sleepy Jack and up to 16.6% in Temple Run. The
reason is that the first two benchmarks have less colli-
sionable objects, and they are more spread across the
projection plane. In other words, they have less ob-
jects overlapping the same pixels than in the other two
benchmarks. On the other hand, Table 3 shows that
just eight entries per list are enough to keep the overflow
rate below 1% in the worst case and 0.08% on average.
Despite the overflows, we verified that all the collisions
are still detected. This is not surprising because there
are multiple pixels per object so there are also multiple
opportunities to detect the collisions between objects.
Finally, with 16 entries, overflows do not happen at all
for our set of benchmarks.

Table 3: Percentage of fragment overflow for a
ZEB with 4, 8 or 16 entries (each entry holds
data for one fragment).

Benchmark 4 8 16

cap 1.57 0.01 0
crazy 1.20 0.03 0
sleepy 5.87 0.21 0
temple 16.61 0.96 0
average 3.68 0.08 0

Nevertheless, there may be cases where a benchmark
stresses the ZEB to the point that the overflow rate is
very high, decreasing the quality of the CD. A fallback
procedure can be adopted in these cases by notifying the
event to the CPU, which would then perform the CD in
the conventional way. Another possibility is to design
a ZEB with several spare entries that could be dynam-
ically allocated as extra space to create longer lists for
these cases. In any case, the percentage of static power
consumed by the RBCD unit with two ZEBs relative to
the total GPU static power is less than 1% with lists of
8 entries, and less than 5% with lists of 64 entries. This
means that the ZEB has a low impact on the total GPU
static power and, if needed, the size of the lists could be
higher in order to minimize the number of executions of
the fallback procedure without causing a great impact
in the total power of the GPU.

6. RELATED WORK
There are excellent surveys about CD and IBCD [33,

10, 11]. Shinya and Forge [12] and Rossignac [34] opened
the path to IBCD with their pioneering work.



Myszkowsky et al. [35] propose a technique based on
the Z-buffer and on checking the changes in the Sten-
cil buffer between a frame and the following one, and
suggest including a hardware assisted polygon sorting
in order to dramatically increase the performance of
the technique. Baciu and Wong [36] propose a detec-
tion scheme based on reducing the region of the Sten-
cil buffer to be tested, which reduces the main mem-
ory traffic and thus minimizes the need for the spe-
cific hardware pointed out in the previous work [35].
Baciu and Wong [37], and Heidelberger et al. [38] show
hybrid techniques using both object space and image-
based CD. They sometimes use more than one render-
ing pass, since they rely on a rasterization system with
only one depth value per pixel in the z-buffer at any
given time. The latter work performs the collision de-
tection on the CPU. This work is expanded [39] to han-
dle auto-collisions with deformable geometry; however,
both works rely on reading back to the CPU the re-
sults of the rasterization (Z-depth and Stencil buffers).
Knott and Pai [40] make use of the Stencil, Color, and
Z buffer and several rendering passes in order to de-
tect collisions among all the objects to be tested. CUL-
LIDE [41], proposed by Govindaraju et al., can reduce
the aforementioned buffer read-back overhead by mak-
ing use of occlusion queries. In a later work [42], the au-
thors improve the accuracy of the method by computing
conservative overlap tests between the primitives and
avoiding-to-miss collisions due to viewport resolution.
Faure et al. [43] propose to detect collisions between two
3D objects using surface rasterization in three orthogo-
nal directions, and performing the CD in the CPU.

Unlike previous works, RBCD requires neither mul-
tiple rendering passes nor reading back the results of
the rasterization. Furthermore, it is projection inde-
pendent. RBCD performs the CD of the scene in the
RBCD unit added to the GPU and then reports the
detected contact points between collisionable objects to
the CPU.

There are versions of some CD algorithms written
for GPGPU. Even though the innermost loops of the
narrow phase algorithms are difficult to parallelize be-
cause of its control-intensiveness, these algorithms can
exploit parallelism by evaluating the narrow phase for
multiple colliding elements in parallel. However, de-
spite they can perform the computation fast, GPGPU
schemes must still bring the geometry of the colliding
elements from CPU memory to GPU, whereas our pro-
posal takes advantage of the information that has al-
ready been generated in the GPU to render the image.
The cost of transferring this geometry from memory is
not negligible and in some cases it could represent more
time than the computational cost itself. This transfer
time as well as the corresponding energy is saved by our
scheme. Lee et al. [44] report a 14x speedup of GJK on
a GPGPU, whereas we are reporting a speedup of 3400x
with our technique. Additionally, our scheme provides
energy savings, since it reuses intermediate results al-
ready computed in the GPU graphics pipeline.

7. CONCLUSIONS
In recent years, mobile platforms and smartphones

have become ubiquitous, as well as powerful computa-
tional engines. Among all the capabilities of these sys-
tems, battery life and graphics are probably the most
appreciated ones by consumers. Current tablets and
smartphones contain a GPU that is widely used by
applications such as browsers, image processing, video
viewers and games. Graphics animation applications,
and 3D games in particular, are one of the most down-
loaded application types, and besides a good graphic
quality, they usually require a physics kernel. Collision
Detection is often the most compute-intensive part of
these physics kernels.

In this paper we have presented a hardware scheme,
RBCD (Render Based Collision Detection) to perform
low-energy, high-fidelity Collision Detection based on
the observation that most of the computation required
by an Image Based CD algorithm is also performed
when the image is rendered by the GPU. This technique
introduces a small overhead in the GPU, both in time
(below 3% on average) and energy (3.5% on average),
but it frees the CPU of the detection of collisions, re-
sulting on average in a 448x reduction (i.e., by 99.8%) of
the total energy consumed by the CD on the CPU. Ad-
ditionally, since this scheme detects collisions at a pixel
level, it provides higher accuracy than conventional CD
algorithms for mobile platforms, which usually apply
simplifications to the objects in order to reduce the com-
putation required. Furthermore, RBCD is almost three
orders of magnitude faster (a 600x speedup) than tradi-
tional, less-accurate approaches that run on the CPU.
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