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Gossip-based aggregation with two values:

Epidemic Hot Spot Detection

future session lengths [3]. This way, the existing heterogeneity
can be harnessed to improve overall system scalability and
reliability. Due to the aforementioned two-tier structure of the
HyperVerse, multiplexers can be identified without expensive
collaborative calculation of a selection-parameter [4].

B. Epidemic Hot Spot Detection
The identification of hot spots in our scheme is based on

an epidemic protocol. Such protocols have emerged as an
efficient communication paradigm especially for large-scale
and dynamic distributed systems, maintaining both simplicity
and scalability at constant communication cost [5]. Generally,
they function particularly well in network topologies with a
good expansion [6] as exhibited also by the overlay we are
operating on. The detection is based on an aggregate of peers’
local perception of regional density and information exchange
with a random neighbor is effected in periodic intervals.

For the internal prioritization of hot spots as well as au-
tomatic position updates of the virtual peers, we introduce a
mass concept in analogy to physics. The mass of a hot spot
is then defined by the amount of peers it contains:
Let h

i

be a hot spot region within the virtual environment
containing n peers. With m1, ...,mn

denoting the individual
mass of each peer, we define the cumulative mass M

i

of the
hot spot as
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With l1, ..., ln representing the location of the individual peers
in virtual space, a hot spot p
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Each peer maintains a fixed-size local list H
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of identified
potential hot spot regions. Furthermore, each peer p
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that determines the
range within which the query for hot spots is deducted.
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In order to identify nearby hot spots based on the local
view of individual clients, we use this extended version of the
epidemic aggregation protocol presented in [7]. It is known to
work in network topologies without small cuts and also effi-
ciently in dynamic network topologies. Here, range constraints
have been additionally introduced to the maximum aggregation
protocol, reflecting specifics of the locality in DDVEs. By
allowing peers to verify that a hot spot’s maximum center of
mass lies within the random neighbor’s lookahead range, only
information from within the peer’s lookahead is aggregated
and hot spots transcending the lookahead range will be deleted
from the local list. Furthermore, as only fixed-size information
on hot spots is exchanged in periodic intervals, the bandwidth
consumption of the detection algorithm is constant.

C. Inverted Gravitation

While detecting hot spots ideally happens as fast as possible,
for their alleviation, i.e. the allocation of resources in response
to this information, it is necessary to introduce some form
of inertia as otherwise temporary surges or other system-
disturbing effects cannot be purposively absorbed.
In order to achieve such a stabilizing effect, we introduce
the concept of inverted gravitation influencing the positions
of virtual peers. For this, we assume that hot spots nearby a
virtual peer p

i

exert the following force F
i

on its position:
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r2
. (3)

Formally following the previous notation with m
i

being the
mass of a peer p

i

and M
i

the cummulative mass of the hot spot
h
i

, as well as r denoting the distance betweeen the two point
masses, this behavior is defined utilizing the inversion of the
gravitational constant G. In other words, virtual peers change
their positions and are drawn towards hot spots based on their
mass, but unlike in the common definition of gravitation, the
closer they are to their center of mass, the slower they become,
i.e. the gravitational force is weakening.

To avoid a concentration of virtual peers on the very center
of hot spots and thus provide a better coverage of the area the
following adjustment step is taken:
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Regional Density

Fig. 4. Total amount of avatars in different regions [over the day]

away distribution), Isis (adult-themed) and Pharm (camping-
oriented) show a rather high and constant level here, a more
tidal pattern can be observed for the region Ross. This, how-
ever, can be explained by its lower popularity and corresponds
to its principal function as meeting point for the exchange of
information.
The structural and semantic variety of the different regions
is particularly useful, as it allows for examining a range of
scenarios as they occur in virtual environments.

A. Critical Regions

While the distribution of the avatars over time reveals some
general spatial characteristics, this information says little about
the position and size of critical regions at a specific point in
time. These are subject to the dynamics of avatar movement,
which can also concentrate and peak at a certain location only
once but all the more intense.

Fig. 5. Top five hot spots in Freebies at time stamp 09:33:09

The snapshot in Figure 5 shows the situation in Freebies at
a randomly selected time stamp. The current avatar positions
are marked by small, black circles, the five largest critical
regions by larger, red circles. This marking is just symbolic,
as we determine a hot spot (HS) in a Second Life region by
its geometric connectedness, more precisely the bounding box
around that particular connected component.
Table I numerically condenses the density characteristics of
the traced data, showing that on average at any given time a

Region Peers � Peers � Peers
(Top 5 HS)

Freebies 3153 84.53852 63.30%
Isis 2735 83.1019 81.02%
Pharm 1537 92.9652 91.04%
Ross 560 25.20552 28.76%

TABLE I
REGIONAL DENSITY CHARACTERISTICS

large fraction of the avatars find themselves within the top five
hot spots. Both the HS-related values in Table I and Figure 5
are based on an AoI range of 32m, which is utilized also for
the analyses in Section IV.

B. Churn

Another important aspect with regard to this paper is the
fluctuation of peers known as churn. Leaving or entering
a region in Second Life is possible either by inter-regional
teleportation or by logging off and on. While the latter is
bound to the last position before the log-off, teleportation
positions the peers at the so-called landing point of a region,
therefore making it a likely candidate for a critical region in
case of many concurrent enters. Intra-regional teleportation
is also possible and further increases the dynamics compared
with linear movement only.
We formally define the churn rate C in a region for a time
step t and the current set of peers Vt over the symmetric
difference, i.e., the union without the intersection, as follows:

C(t) =
|Vt4Vt�1|
|Vt|+ |Vt�1|

For a given interval �, the churn rate is then defined additively:

C(t, �) =
t+�X

i=t

C(i)

The average churn rates for each region are listed in Table II
for a set of different resolutions ranging from one minute to
one hour. The outlined development reveals high dynamics
particularly at lower resolutions, for instance when comparing
the one-minute and ten-minute intervals.

Region � Churn Rate
1min 10min 1h

Freebies 3.70% 22.60% 46.58%
Isis 3.52% 22.41% 45.20%
Pharm 1.64% 10.36% 26.51%
Ross 2.91% 12.47% 28.52%

TABLE II
REGIONAL DYNAMICS
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network, and it has been shown to critically determine conges-
tion, expansion, small cuts and further important qualities of
networks like their resilience to random node removal [6]–[8].
By determining the algebraic connectivity of the top five hot
spots, it is thus possible to assess in more detail the qualitative
effects of the resource allocation schemes and the concomitant
rewiring.

For our calculations, we use the normalized Laplacian
Matrix L which, given a network G = (V,E) with vertex set
cardinality |V | = n and degree matrix D = diag(d1, ..., dn),
is defined as follows:

Lij(G) =

8
>>><

>>>:

1 i = j and dj 6= 0

� 1p
didj

(i, j) 2 E

0 else

Table III contains the resulting average eigenvalue �2 for
the top five hot spots in the different regions, both regarding
the standard AoI-based connection scheme and the resulting
networks from the two resource allocation schemes.

Region NoRA FloRA PhyRA
Freebies 0.64 0.63 0.66
Isis 0.82 0.83 0.84
Pharm 0.36 0.85 0.91
Ross 0.83 0.91 1.10

TABLE III
ALGEBRAIC CONNECTIVITY

The results substantiate that, despite the considerable reduction
of connections discussed before, the actual quality of connect-
edness within the hot spots at least remains equal and - in
some cases - even improves. Most notably, this happens for
the region Pharm, where the algebraic connectivity more than
doubles, but also in Ross, where an increase and higher �2

value can be observed.
PhyRA performs slightly better than FloRA in both cases,
as the inertia it introduces benefits the static situation with
the singular, large hot spot in Pharm as well as the almost
complete absence of any structure in Ross, where it at least
provides a hint of stability. In Freebies and Isis, the regions
that are more typical of MMVEs in terms of their structure
and dynamics, both FloRA and PhyRA preserve the level of
connectedness within the top five hot spots.

V. CONCLUSION

In this paper, we presented a detailed comparative evaluation
of two self-organized resource allocation schemes for P2P-
based MMVEs. The Second Life avatar traces of four different
regions that serve as a basis for the analyses cover a wide
range of structural characteristics and, most importantly, reflect
real motion and churn. This yields more meaningful and valid
results compared to modeled behavior.

Both the flock-based approach FloRA and the physics-
inspired scheme PhyRA perform well when evaluated against
the traces, confirming previous simulation-based results. By
making use of specialized epidemic protocols and drawing
from locally available information only, they prove to be
highly resilient to churn. Further analyses reveal that the
induced preferential connection to the virtual peers alters the
topology within the most critical hot spots in a favorable
way, reducing the amount of connections while preserving
- or even enhancing - the connectedness. Particularly in
high-density regions, the cost for managing and maintaining
connections with the standard AoI-based connectivity rises
dramatically and is liable to notably impair the performance.
The accurate self-organized positioning of the virtual peers
thus helps effectively alleviate these situations. The analyses
also show that in less structured regions some inertia in the
adjustment proves to be advantageous.

As a general guideline to overlay design for P2P-based
MMVEs, it can be concluded that the sensible utilization of
hierarchies can result in a substantial benefit to decentralized
schemes. This can happen either explicitly, as with the intro-
duction of virtual peers, or implicitly, as for instance with the
improved positional accuracy by exploiting an additional hier-
archization step for motion coordination in FloRA. However,
it is important to carefully consider and preserve the original
P2P character so that while enhancing a system’s performance
and its resilience to individual node failures, the absence of
such a scheme does not affect the decentralized nature and
resilient, fail-safe operation of an MMVE per se.
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tion, expansion, small cuts and further important qualities of
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By determining the algebraic connectivity of the top five hot
spots, it is thus possible to assess in more detail the qualitative
effects of the resource allocation schemes and the concomitant
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The results substantiate that, despite the considerable reduction
of connections discussed before, the actual quality of connect-
edness within the hot spots at least remains equal and - in
some cases - even improves. Most notably, this happens for
the region Pharm, where the algebraic connectivity more than
doubles, but also in Ross, where an increase and higher �2

value can be observed.
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as the inertia it introduces benefits the static situation with
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complete absence of any structure in Ross, where it at least
provides a hint of stability. In Freebies and Isis, the regions
that are more typical of MMVEs in terms of their structure
and dynamics, both FloRA and PhyRA preserve the level of
connectedness within the top five hot spots.
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In this paper, we presented a detailed comparative evaluation
of two self-organized resource allocation schemes for P2P-
based MMVEs. The Second Life avatar traces of four different
regions that serve as a basis for the analyses cover a wide
range of structural characteristics and, most importantly, reflect
real motion and churn. This yields more meaningful and valid
results compared to modeled behavior.

Both the flock-based approach FloRA and the physics-
inspired scheme PhyRA perform well when evaluated against
the traces, confirming previous simulation-based results. By
making use of specialized epidemic protocols and drawing
from locally available information only, they prove to be
highly resilient to churn. Further analyses reveal that the
induced preferential connection to the virtual peers alters the
topology within the most critical hot spots in a favorable
way, reducing the amount of connections while preserving
- or even enhancing - the connectedness. Particularly in
high-density regions, the cost for managing and maintaining
connections with the standard AoI-based connectivity rises
dramatically and is liable to notably impair the performance.
The accurate self-organized positioning of the virtual peers
thus helps effectively alleviate these situations. The analyses
also show that in less structured regions some inertia in the
adjustment proves to be advantageous.

As a general guideline to overlay design for P2P-based
MMVEs, it can be concluded that the sensible utilization of
hierarchies can result in a substantial benefit to decentralized
schemes. This can happen either explicitly, as with the intro-
duction of virtual peers, or implicitly, as for instance with the
improved positional accuracy by exploiting an additional hier-
archization step for motion coordination in FloRA. However,
it is important to carefully consider and preserve the original
P2P character so that while enhancing a system’s performance
and its resilience to individual node failures, the absence of
such a scheme does not affect the decentralized nature and
resilient, fail-safe operation of an MMVE per se.
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Summary

Resilient, Self-Organized Resource Allocation

Accurate Placement of Virtual Peers

Substantial Node Degree Reduction

Improved Connectivity

Constant Communication Cost
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