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We introduce a real-time computation of irregular water waves purely based on the Voronoi diagram. While
diverse water wave researches are focusing on simulating directional water waves, we concentrated on
rendering irregular water waves and wavelets where propagation direction is irregular. We present a simple
yet adequate wave approximation method with agile hashing-oriented neighbor searching and noise texture-

based Voronoi diagram generation.

1. Introduction

Computing modest water waves have been and still is an
active topic in the rendering field. Simulating ocean water
[1] presents excellent realistic renderings of water waves
via approximation algorithms including FFT (Fast Fourier
Transform) and Gerstner wave algorithm, where it focuses
on layering multiple waves to simulate realistic ocean
animation.

While these traditional methods center on directional
waves, our method focused on prototyping omnidirectional
waves and wavelets, suiting for small ponds and lakes
where wave direction isn’t consistent. Our motivation was
to prototype water waves in real-time environments, thus
we aimed for a simple and fast approach; our
implementation is solely based on the computation of the
Voronoi diagram.

2. Implementation

Voronoi diagram is known as the simple yet effective
geometric computation method dated since the 17th
century [2]. It is a region divided by its closeness to the
given set of points, or seeds in other words. For the
implementation of the irregular water waves, we used the
generated Voronoi diagram as is as the wave height. Figure
1 depicts the randomly generated Voronoi diagram and its
corresponding wave rendering result. Rendering for this
paper is done through Shadertoy [3], a handy web

-29.

Figure 1. Left: Voronoi diagram with random seed.
Right: 3D Rendering of waves generated with left diagram.

-fragment shader tool based on WebGL.

Generating a Voronoi diagram efficiently is not as simple
as its concept seems to be. A fair amount of papers
including a sweep-line algorithm [4] and a convex polygon
algorithm [5] focused on improving the performance of
Voronoi diagram computation; generating it with random
N seed positions takes estimated time complexity of
O(N*log(N)) in ordinary cases.

Our implementation is based on a hashing-oriented
neighbor searching scheme [6] for practical usage, defining
equidistant grids with exactly one seed per each
correspondingly. Figure 2 is a hash algorithm we used to
compute the position of the seed per grid. Given the grid
coordinate as the parameter, it calculates the randomized
animation of Voronoi seed within the boundary of its
parent grid. HASH_KEY is a sequence of four random
floating numbers, and iTime is an elapsed time of the



const vec4 HASH_KEY =vec4(2.71, 81.21, 1195.113, 114.114);

vec2 hash(vec2 pos)

{
pos = vec2(dot(pos, HASH KEY xy), dot(pos, HASH KEY.zw));
pos = vec2(dot(pos, HASH_KEY .xz), dot(pos, HASH_KEY.yw));
pos =0.5+0.45 * sin(iTime + HASH_KEY.w * sin(pos));
return pos;

}

Figure 2. The implemented hash algorithm for each seed’s
position.

Figure 3. Simplified visualization of the work. Left:
randomly plotted seeds per grid. Right: Voronoi diagram
resulted from the left.

y

Figure 4. Voronoi waves generated with three different
noise textures.

application.

Figure 3 is the result of this method visualized. Since a
single seed per grid is guaranteed, we only check seeds
from the surrounding grids when we compute pixels inside
the middle one, nine in total. With this method, we were
able to achieve O(1) time complexity for generating the
Voronoi diagram.

This uniform grid method also has the benefit of utilizing
noise images as its base; each pixel in the noise texture
holds the RGBA value that randomizes the position of seed
for each grid, replacing the variable HASH KEY
mentioned above. Figure 4 shows the rendering result
using three different textures, provided by Shadertoy.
Textures are, starting from the left: blank image, single
channeled random noise and 4 channeled random noise.
Lastly, we’ve blended two different Voronoi diagrams to
generate the heightmap. The use of a single diagram
produces noticeable abrupt wave height shifting when
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animated. For mitigation, we prepared two Voronoi
diagrams generated by two distinct noise images and
interpolated them by time.

3. Conclusion

We were able to achieve practical rendering of irregular
water waves via simple Voronoi diagram algorithm
operation. We computed random noise based Voronoi
diagrams within constant time, enabling moderate run-time
water wave rendering operation in ease.
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Abstract
This paper proposes an algorithm that deploys virtual gateways in 5G mobile network systems to balance
the Quality of Experience (QoE) of user equipment and the energy efficiency. This algorithm is called QoE-
Energy-Balancing Algorithm (QEBA), and is evaluated in terms of round-trip time and energy usage, which is
compared with an RTT-based algorithm and an energy saving algorithm.

1 Introduction

The development of Network Functions Virtualization
(NFV) enabled the appearance of Virtualized Network
Functions (VNFs) for various network services. In 5G mo-
bile networks, VNFs can replace physical network devices
used in the previous Long-Term Evolution (LTE) networks
of the 3rd Generation Partnership Project (3GPP). VNFs
of the user plane, including virtual gateways such as User
Plane Function (UPF) [1], can be deployed to distributed
edge clouds. Fig. 1 shows the structure of 3GPP 5G mo-
bile networks to use virtual UPF (VUPF). A vUPF can be
dynamically constructed and destroyed to adapt system per-
formance. An algorithm that selects whether or not to de-
ploy a virtual gateway for 5G mobile network systems can
be applied to gain better efficiency. Previously, we proposed
a random selection algorithm and a Voronoi-based selection
algorithm for gateway selection in our previous research and
evaluated these algorithms in terms of energy usage through
simulation [2]. In this paper, we propose a new algorithm
which considers both the Quality of Experience (QoE) of
User Equipment (UE) and the energy usage of 5G mobile
network systems, and evaluate it through intensive simula-
tion.

2 Algorithms

Two algorithms for gateway selection are used as base-
lines for the comparison with the proposed algorithm. They
are RTT-based algorithm and Energy saving algorithm.

2.1 RTT-based Algorithm

RTT-based algorithm is similar to the Voronoi-based se-
lection algorithm in our previous work [2], but this RTT-
based algorithm uses RTT from a Next Generation NodeB
(gNB) to an edge cloud of the 5G mobile network systems.
Once a packet is sent from a UE device to a gNB, the Eu-
clidean distance between the UE and an edge cloud of the
5G mobile network systems may be insignificant in the End-
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Figure 1: 5G Mobile Network Structure.

to-End (E2E) delay between the UE and the edge cloud. In-
stead, the delay between the gNB and the edge cloud of the
5G mobile network systems influences significantly the QoE
of the UE. Thus, it is noted that the RTT from a gNB to an
edge cloud of the 5G mobile network systems determines
the QoE during the selection of a vUPF instance. RTT is
measured by ping packets which are sent from a gNB and
travel between the gNB and an edge cloud of the 5G mo-
bile network systems. When a gNB serves a new UE, RTT-
based algorithm selects an edge cloud of the 5G mobile net-
work systems which has the shortest RTT from the gNB and
establishes a GTP Tunnel from the UE to a gateway instance
in the selected 5G mobile network systems.

2.2 Energy Saving Algorithm

An Energy Saving Algorithm (ESA) selects an edge cloud
of the 5G mobile network systems whose energy usage
would increase least when it accommodates another UE. Af-
ter finding the edge cloud, ESA searches for the gateway in-
stance in the 5G mobile network systems that will minimize
the energy usage.

2.3 QoE-Energy-Balancing Algorithm (QEBA)

Our proposed algorithm is called QoE-Energy-Balancing
Algorithm (QEBA), and has a threshold of the RTT between
the gNB and an edge cloud of the 5G mobile network sys-
tems. Among edge clouds that have a shorter RTT than the
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threshold, QEBA selects the one with the least energy us-
age. If there is no edge cloud in 5G mobile network sys-
tems that satisfy the condition, QEBA increases the thresh-
old by 0.5us and tries to find a satisfying edge cloud. When
it finds an edge cloud that satisfies the condition, it selects a
gateway instance that increases the least energy usage from
the 5G mobile network systems.

3 Performance Evaluation

3.1 Environment and Assumptions

Our simulation focuses on edge clouds and the placement
of virtual gateway instances in the user plane. A vUPF rep-
resents a virtual gateways in the simulation. The specific
amount of energy usage is based on an existing work [3].
OMNeT++ 5.5.1 [4] is used for the simulation in Ubuntu
18.04.3, where some of the tools are modified for the vir-
tual network environment. In the simulation, there exist nine
gNBs, six 5G mobile network systems that can create at
most ten VUPF instances and serve a thousand UEs. For
more reality, 30% of the UEs stay around the center of the
map used in the simulation, and others (i.e., 70%) are scat-
tered around the whole area. Among scattered UEs, 40% of
them move with a speed pattern of a vehicle (i.e., a uniform
random speed between 10m/s and 25m/s), and the other 30%
move with the speed pattern of walking or running (i.e., a
uniform random speed between Om/s and 2m/s). The width
and height of the area are 1000m, respectively, which make
the area 1km?2.

3.2 Analysis on Simulation Results

There are several versions of the proposed algorithm ac-
cording to the RTT threshold. The algorithm named thid7
has the threshold of 7us, and thld9 has the threshold of
9us, and so on. Fig. 2 shows the performance of the pro-
posed algorithms when the number of UEs is one thousand.
The proposed algorithms have a much shorter RTT than the
ESA and have less energy usage than RTT-based algorithm.
QEBA tends to have less RTT and more energy usage when
the threshold becomes lower. Figs. 3(a) and 3(b) show the
performance of thld7 and thld13 as the number of UEs in-
creases. In Fig. 3(b), when the number of UEs is 200, the
proposed algorithms show sudden increase in average en-
ergy usage. As shown in Fig. 3(a), this algorithm guarantees
lower RTT than the threshold for every UE number. How-
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ever, as shown in Fig. 3(b), it does not guarantee linear in-
crease in energy usage. QEBA selects a vUPF that will have
lowest increase in energy usage whenever a connection re-
quest from a new UE arrives, but it cannot optimize the en-
ergy usage thoroughly. It is observed that RTTs of QEBA
are lower than that of the threshold and its energy usage is
better than the RTT-based algorithm’s.

4  Conclusion

This paper proposes a QoE-Energy-Balancing Algorithm
(QEBA) to select gateway instances for UEs in 5G environ-
ments regarding the balance between the energy usage of the
service provider and the QoE of the UEs. It is shown that
the proposed algorithm outperforms two baselines through
simulation. By using a threshold for the RTT and consid-
ering the corresponding energy usage, the tradeoff between
the QoE and the energy usage could be adjusted. As future
work, we will try to make an algorithm which can minimize
the total energy usage while considering the QoE of the UEs.
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