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Real-Time 3D Visualization of Temperature
Distribution for Data Center Thermal
Management

Xin Chen, Hui Zhen, Yueqi Han', Zhaoyang Wei?, Jinong Dongl, Kaichao
Wu?

Abstract Heat management has become one of the most critical challenges to the
rapid development of data centers. To address this issue, a 3D visualization tech-
nique is proposed in this paper to analyze and manage temperature distribution in
data center rooms. At first, a room is divided into uniform grids and the tempera-
ture field is established by calculating temperature values for each cell using an
inverse transfer distance weighted interpolation (ITDWI) algorithm with sensor
data. Then, it visualizes these cells by voxel rendering. To improve performance,
weights are pre-computed to accelerate interpolation. And two different rendering
strategies are adopted to better understand temperature distribution. Our approach
is deployed in an actual data center room in Chinese Academy of Sciences. By
experiments, it can visualize the temperature field of the data center in real time,
and the visualization results help to locate the hot spots conveniently and give a
comprehensive view for thermal management.

Keywords: real-time visualization, data center management, volume rendering,
spatial interpolation.

1 Introduction

Recent years, data centers have been greatly increased in both size and numbers.
Some large data centers run up to hundreds of thousands of IT devices, consume
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magawatts of power and incur electricity bills of millions of dollars[3]. Energy
consumption has become a dramatic pressure on data center management. Thus,
how to reduce energy consumption and raise energy efficiency received signifi-
cant attention [4, 8, 10].

Thermal management has proved to be an effective approach to reduce energy
consumption [1, 5, 9, 13]. Optimized thermal management policies can decrease
cooling costs and increase hardware reliability. One of the most crucial tasks of
thermal management is to understand the heat airflow and discover the hot spots.
Visualization of temperature distribution is an effective method to achieve this.
Many attempts have been made. Most of them only visualize the temperature field
in 2D, which is insufficient to demonstrate the entire temperature space[5, 13].
And a great number of methods adopt computational fluid dynamics (CFD), which
is time-consuming and ignores the actual running state of data center. A method
was proposed to visualize the temperature distribution by 3D particles with data
extracted from sensors [7], however, the results were not easy to understand.

This paper proposed a novel method to produce a 3D visualization for thermal
management. It firstly establishes the temperature field with data from sensors,
and then, visualizes the temperature field. It contributes mainly on three aspects as
follows.

1. Propose a practical 3D visualization frame for thermal management by model-
ing temperature field as a volume data set. As a result, the issue of temperature
distribution visualization could be dealt with as volume rendering.

2. Propose a novel spatial interpolation method called inverse transfer distance
weighted interpolation (ITDWI). It takes transfer distance into account to con-
form to the heat transfer rules, which makes the visualization results more reli-
able. Also it introduces a weight buffer to record the weights of sensors for
each cell, which accelerates the interpolation significantly.

3. Design two different rendering methods for different analysis purposes. Ren-
dering each voxel as a box using translucent color as a visual metaphor can
quickly locate hot spots and benefits to understanding the overall distribution of
heat flows. Correspondingly, rendering the outmost surfaces and cross sections
can observe more details. The combination of these two methods is able to
meet different analysis and management needs.

The remainder of the paper is organized as follows. Our proposed method is
described in Section 2. Then, experimental results are discussed in Section 3, and
a summary is derived in Section 4.

2 Our Approach
Our proposed method can be roughly divided into two steps. Firstly it establishes

the temperature field with data from sensors, and then, visualizes the temperature
field. At the first step, a room is divided into uniform grids, and the cells become
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the basic visual components of our method. The temperature of each cell is calcu-
lated by a proposed spatial interpolation method called ITDWI, which assumes the
sensors as heat sources and limits the transfer distance of sensors. ITDWI reduces
the complexity of computation and maintains the locality effectively. We also pre-
compute the interpolation weights for each cell, which is able to further improve
performance. At the second stage, two visualization methods are used simultane-
ously. Rendering all the cells as voxels using translucent box rendering can pro-
duce an overall view of temperature field and can also quickly locate the hot spots.
While, rendering the cross sections as surfaces can analyse temperature distribu-
tion on any cross section parallel to coordinate plane. A combination of these two
methods gives a comprehensive understanding of temperature distribution.

2.1 Temperature Field Model

To abstract the problem, we establish the model of temperature field at first. We
divide the temperature field into voxels and transform our problem into a volume
data issue[2, 6, 11, 12].

Data center consists of many rooms. In this paper, we use a room as a study
unit. For a given room r = (w, h,d), widthw, height h, and depth d . We divide

the room into a regularly spaced, 3 dimensional grids. The size of a grid cell de-
termines the granularity of room space division, represented by g . The number of

cells in the rooms is represented by n, n=w*h*d * 973 . Each cell could be con-
sidered as a voxel, and the entire room can be represented by a collection of vox-
els. A cell is denoted by v, , ie{l,2,..,n}, the room space is V ,

V={v,v,..,v}

1! 727

Temperature field describes the temperature distribution in the entire room
space. It can also be denoted by the voxels V , and the temperature value is re-
corded in each cell. Furthermore, a collection of voxels with values is volume
data. Therefore, temperature field is equivalent to a set of volume data, specifi-
cally the voxel set V . And visualizing the temperature distribution can be ab-
stracted into a volume rendering problem, specifically to calculate and visualizing
the set V .

To obtain actual sampling data of temperature distribution, we adopt sensors as
data source. Sensors are commonly used in data center. In this paper we collect
data from wireless temperature sensors. Given the number of sensors deployed in
the room is m, and the sensor set is represented by S ,then a sensor is denoted by

S,,ie{l2..,m}, s={S,S,,...S, } . S, =(X.,¥,,Z,V,) , X,,Y,,Z,V, repre-

sents the location coordinate in width, height, depth, and the value of temperature
respectively.
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For visualizing the volume data set V , the temperature value of each voxel has
to be calculated at first. We achieve this by a spatial interpolation method with
data from sensors S . The method will be introduced in the next subsection.

2.2 Inverse Transfer Distance Weighted Interpolation

2.2.1 The Interpolation Method

To get the value of each voxels is a kind of spatial interpolation problem which is
very common. At first, let’s have a look at our temperature field. Temperature dis-
tribution is a result of heat transfer. The voxels are both homogeneous and hetero-
geneous. Voxels close to each other have similar temperature value, meanwhile,
voxels far away from each other are likely different. Therefore, thermal distribu-
tion is distance related. Inverse distance interpolation (IDW) is a widely used
method for interpolation with a known scattered set of points and accords with the
thermal distribution characteristic. The basic IDW function is showed as below.
N
u(X):ZM,Where V\Q(X)zé 2.1

N

i=0 ZW-(X) d(X, Xi)p

U is an interpolation value at a given point X based on samples U; = U(Xi) ,

i €{0,1,...N}, x is aknown point, d is a given distance between X and X . N

is the total number for known points, in our case is the number of deployed sen-
sors. pis a positive real number, called the power parameter. Greater values of p

assign greater influence to values closest to the interpolation point, in our experi-
ments, p=1.

Nevertheless, thermal distribution in data center has some particularities of its
own. Usually hundreds of servers run in a room, they are placed in large racks
which become obstacles to heat transfer. Consequently, temperature distribution in
data center has regional characteristic. We introduce a parameter dt to denote the
largest influence distance of an interpolation point (known), i.e. the transfer dis-
tanced of a sensor. The function of our inverse transfer distance weighted interpo-
lation is as follows.

N ————d(S,v) <=dt :
t(v):zm,whmwi: d(s,,v)" Bo) <=d, (2.2)

N

. ZWJ (v) 0, otherwise.
j=0
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dt. is the transfer distance of v,, t(v) means the temperature value of v,

d(S,, v) denotes the distance between sensor S, and voxel v . The transfer dis-

tance of each sensor is assigned according to its location and the devices around.
In this manner, interpolation results will more close to the truth and computa-
tion complexity is also reduced.

2.2.2 Weight Buffer

To further improve the interpolation performance, we calculate the weights for
each voxels in advance. Since the weights are only related with distance between
voxel and sensors and the transfer distance of sensors, they are constant as long as
the displacement of the room is not changed. We set up a buffer to record weights,
the size of the weight buffer will be n* N, which means the product of the num-
ber of voxels and the number of sensors. With the pre-computed weight buffer,
weights calculation will be omitted in the real-time visualization stage, which will
speed up the interpolation significantly.

Another issue should be mentioned that, the distribution of sensors usually in-
sufficient and not optimized, therefore some voxel may be not in the transfer dis-
tance of any sensor. In this case, we calculate the most nearest K sensors for inter-
polating its value.

2.3 Temperature Field Visualization

Visualizing the temperature field of data center aims to help analyse and manage
the heat flows. The issue concerned include whether there’s a hot spot and how
about the overall thermal state of the data center. To achieve this , both overall
view and detail view should be produced. Therefore, we introduce two different
visualizing methods for different purposes.

2.3.1 Voxel Rendering

We organize the temperature field as a set of volume data, therefore the tempera-
ture field can be visualized by volume rendering methods. Each voxel is assumed
to be a box and will be rendered as a box. To find out the thermal distribution in-

side the rooms, translucent color is used to be the visual metaphor. An example of
voxel rendering is showed in Fig 2.1(a).

2.3.2 Surface Rendering

Sometimes, thermal distribution in a cross section is needed for detail observation.
To achieve this, we realize another visualization method by only rendering the
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outmost surface of the temperature field. Although it only render the outside sur-
faces, it’s also able to render inside state just by boundary location of the tempera-
ture field. We introduce six parameters startX, startY, startZ, endX, endY, endZ
to denote the boundary coordinate in 3 axes. Interactive changing the six parame-
ters above will get different visualization result at different cross sections, which
makes the understanding of thermal details easily. An example of surface render-
ing is showed in Fig2.1(b).

m

(a) voxel rendering (b) surface rendering

Fig. 2.1 Two different render methods. Voxel rendering is to the left, and surface rendering is to
the right. All the data of the cells are generated randomly.

3 Results and Discuss

The proposed method has been deployed in one room of a data center in Chinese
Academy of Sciences in Beijing. Data collects from 35 sensors located in the
room. The distribution and rough temperature value of these sensors are demon-
strated in Fig.3.1.

15 degree Celsius 35 degree Celsius
(a) Color legend
m - n - -
r u [ I ]  m ]
| ] |
L] ] Ny m

(b) Sensor distribution in our test

Fig. 3.1 There are 35 sensors deployed in the data center room. Their locations are showed in the
figure. The distribution are not optimized, however, it’s the real state of many data centers.

Temperature values at each voxel are computed by the ITDWI algorithm. The
visualization results showed in Fig.3.2. All our experiments are implemented on a
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laptop installed with a 2.4GHz CPU and a integrated GPU, and the render speed
can reach to more than 20 fps when the number of voxels is about 30 thousands. It
has been proved that our method is able to visualize the thermal distribution in real

time.
L]

(a) (b)

(©) ()

Fig. 3.2 Visualization results with data from sensors are showed above. (a) and (b) are two re-
sults of voxel rendering from different viewpoint. (c) and (d) are two surface rendering results
with cross section at different heights. Figure (a) demonstrates the hot spot clearly and from fig-
ure (b) whose viewpoint is on the opposite side to that of figure (a), we can also find out the
hotspot on the far end. Figure (c) and (d) give us details at different cross sections.

4 Conclusions and Future Work

This paper presents an effective tool for visual analytics of temperature distribu-
tion. It models the temperature field into a set of volume data. The voxel value is
obtained by interpolation from sensor data using a proposed method called
ITDWI. And voxel rendering and surface rendering are both adopted in our ap-
proach for visualizing, therefore, results give a more comprehensive understand-
ing of the thermal distribution. Furthermore, an accelerating method is used for in-
terpolation, which speeds up the calculation significantly. We deploy the proposed
method in an actual running environment. Results proved that our method can
real-time visualize the heat flows in 3D and help to analyze and manage the ther-
mal distribution effectively.

Since both voxel calculation and voxel rendering run in parallel, the method
can be easily implemented on GPU to speed up. And this method can also be used
in other applications, such as humidity visualization and other environmental fac-
tors visualization indoors. Furthermore, optimized sensor distribution will give out
better interpolation results.
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