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Abstract

In this work, we propose an abstract heat flow model which
uses temperature information from onboard and ambient
sensors, characterizes hot air recirculation based on these
information, and accelerates the thermal evaluation process
for high performance datacenters. This is critical to minimize
energy costs, optimize computing resources, and maximize
computation capability of the datacenters. Given a workload
and thermal profile, obtained from various distributed sensors,
we predict the resulting temperature distribution in a fast and
accurate manner taking into account the recirculation charac-
terization of a datacenter topology. Simulation results confirm
our hypothesis that heat recirculation can be characterized as
cross interference in our abstract heat flow model. Moreover,
fast thermal evaluation based on cross interference can be
used in online thermal management to predict temperature
distribution in real-time.

1. INTRODUCTION

High performance datacenters are being increasingly deployed
with high density computing clusters and server farms to
improve the services for typical high performance computing
applications. Blade severs are being widely installed in mod-
ern datacenters due to their high performance/cost ratio and
compact size. These large scale datacenters, limited by power
and cooling capacity, can cost millions of dollars, mainly due
to the high energy costs required by the computing devices
and cooling systems. Therefore, it is essential to improve the
energy efficiency of datacenter operation, and consequently
maximize the utilization rate and computation capability of
datacenters.

We are working on a framework for dynamic thermal
management of blade server based datacenter to reduce its
energy costs and maximize computation capability. The frame-
work is a unique merger between the physical infrastructure
and resource management functions of the cluster operating
system to take a holistic view of datacenter management. We
contend that to achieve these functionalities, an efficient on-
line thermal-aware scheduling algorithm, based on temperature
information provided by onboard sensors, is required to make
global, power aware decisions, and to dynamically assign tasks
to distributed server nodes. One of the principle challenges of
the framework during this decision process is to effectively
evaluate the thermal distribution and energy efficiency. In
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this paper, we propose an abstract heat flow model which
characterizes the hot air recirculation inside the datacenter, and
accelerates the thermal performance evaluation. The results
can be used for online real time thermal-aware scheduling,
which can dynamically allocate computing task to servers to
achieve optimal energy efficiency.

Traditionally, from infrastructure design and planning per-
spective, CFD (Computational Fluids Dynamics) simulation
has been used to evaluate thermal performance of datacenter
given a specific configuration of datacenters (layout, supplied
air temperature, and power consumption of servers). But the
time spent for the CFD simulation are not appropriate for a
dynamic datacenter environment whose utilization rate may
vary at a smaller granularity of time compared to that of the
CFD simulation. In our study, for a small-scale datacenter,
it takes an hour to obtain converged CFD simulation results
and will take much longer for simulating a larger datacenter.
However, the datacenter’s utilization rate and load status might
have already changed during this time period. Further, when it
is required to compare thermal distributions of several different
configurations, a CFD simulation will take a relatively long
time to finish these evaluations [1] and is not appropriate for
online thermal management and decision making.

Our proposed abstract heat flow model, on the other hand,
intends to accelerate and simplify this cumbersome process of
traditional thermal performance evaluation. As shown in Fig-
ure 1, a fast simulation can be used as short-cut to accelerate
the thermal performance evaluation process. Our current study
shows that it takes less than 1 minute to evaluate and predict
the thermal distribution of a given configuration. The abstract
heat flow model can be used for 1) online prediction and fast
decision making; 2) integrating with thermal-aware scheduler
models to evaluate thermal performance of different policies;
and 3) filtering out some potential configurations and verify
them with CFD simulation.

The rest of the paper is organized as follows. In Section 2 we
review background knowledge of datacenter. We present the
abstract heat flow model in Section 3. Simulation results are
presented in Section 4. Related work is discussed in Section
5. Finally, we conclude in Section 4.

2. BACKGROUND

A typical datacenter is laid out with a hot-aisle / cold-aisle
arrangement by installing the racks and perforated floor tiles
in the raised floor. The air conditioners, normally referred
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Fig. 1: Abstract heat model can be utilized to obtain fast thermal evaluation
instead of using CFD numerical simulation

to as Computer Room Air Conditioner (CRAC) or HVAC
(Heating Ventilation Air Conditioner), deliver cold air under
the elevated floor. In the sequel, this is referred to as cooling
air. The cooling air enters the racks from their front side,
pick up heat while flowing through these racks, and exits
from the rear of the racks. The heated exit air forms hot
aisles behind the racks, and is extracted back to the air
conditioner intakes, which, in most cases, are positioned above
the hot aisles. Each rack consists of several chassis, and each
chassis accommodates several computational devices (servers
or networking equipment).

Typical cost of operating a datacenter includes energy cost
of cooling systems and computing devices, hardware cost
for replacing old and dysfunctional computing devices, cost
for infrastructure investment and labors. The energy cost of
computing devices and air conditioners influences the heat
dissipation in the datacenters. The assignment of computa-
tion task, the power consumption and the thermo-mechanic
properties of different devices, and the cooling capacity of air
conditioner will directly or indirectly affect the thermal distri-
bution inside a datacenter. Therefore, the thermal distribution
implicitly correlates with the energy costs of the datacenter.
Thus, it is very important to improve thermal distribution
performance to enhance the energy efficiency or maximize
computation capability of datacenters. Improperly designed or
operated datacenters may suffer either from overheated servers
and potential system failures, or from overcooled system and
extra utilities cost.

Due to the complex nature of airflow inside the data center,
some of the hot exhaust air from outlets of servers will
recirculate into the inlet of other servers. One of the reasons
of extra energy cost of cooling system is mainly due to the
mixture of cold air with the recirculated hot air in the inlet.
To provide acceptable inlet temperature for all servers, the
supplied air temperature has to be reduced, increasing the
cooling energy cost. Thus, understanding and reducing the hot
air recirculation can be explored to reduce the energy costs of
datacenters.

Most state-of-art servers used in datacenter provide rich
environment information by using onboard sensors, such as
humidity sensor or temperature sensor. For example, Dell
PowerEdge 1855 blade server used in our study provides inlet
temperature, outlet temperature and in-house temperature. The
problem for us is how to intelligently process that information
to improve thermal management of datacenter.

In our previous work [2], we formalized the total energy
cost of a typical datacenter and showed that thermal-aware
task scheduling can be utilized to achieve better energy
efficiency. Given total incoming tasks C'rueq Of a datacen-
ter, a task assignment c = {C1,C5,...Cn} (Z C; =
CTotal) will result in power consumption d1str1but10n vector

= {P,P,.. PN} which will lead to 1n1eU0utlet tem-
perature distribution Ty, = {1}, T2,. TN} or Tow =
{TL,, T2, .. TN}, respectively. The problem was formal-
ized as how to divide the input task set C, into a task vector
8 = {C4,C5,...Cn} to achieve the minimal total operation
energy costs.

In this paper, we are trying to answer the question: ”Given a
task scheduling assignment and the thermal profile as obtained
from various distributed sensors, can we predict the resulting
temperature distribution in a fast and accurate manner taking
into account the recirculation characterization of a datacenter
topology?”. If we can, then the task scheduling algorithm can
be used in online thermal management to achieve better tem-
perature distribution and consequently achieve better energy-
efficiency of datacenter.

3. ABSTRACT HEAT FLOW MODEL

A datacenter is composed of a set of computing nodes from
1 to n. Those physically separated nodes work individually or
cooperatively to accomplish assigned tasks. These nodes are
either heterogeneous or homogeneous. There is a scheduler to
dispatch incoming tasks C'ryt4; (@ group of tasks) to individual
distributed nodes depending on various scheduling policies,
criteria and strategies. Each distributed node ¢ consumes
energy at the rate P; during the execution of task set C; (a
subset of Croq1), and the power consumption rate depends on
the hardware characteristics of distributed nodes and the task
profiles (compute intensive, memory intensive or IO intensive):

P, =G;(Cy), (1)

where G is a thermo-mechanic function which depends on
the hardware specifications of distributed nodes. G; can be
obtained through experimental measurement or CFD simula-
tion. We characterized the correlation between task and power
consumption in our previous work [2].

According to the law of energy conservation and the fact
that almost all power drawn by a computing device is dissi-
pated as heat, the relationship between power consumption of
a node and its inlet/outlet temperature can be presented as

= pfiC,

where (), is the specific heat of air and p is the air density.
In other words, the power consumption of node ¢ will change
the air temperature from the inlet air temperature T} to the
outlet temperature T, ,. The generated hot air will also spread
to other nodes. The temperature rise can be identified as self-
interference (heating up air flowing through itself) and cross
interference (heating up other nodes through recirculation).

( out Ti ) (2)
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Fig. 2: This figure demonstrates the cross interference among distributed
server nodes.

A. Hypothesis

Due to the complex nature of airflow inside the data center,
some of the hot exhaust air from outlets of servers will
recirculate into the inlet of other servers. Within a room
environment, if the dimensions and locations of all major
physical objects are fixed, and there are no moving objects
inside the room, the air flow pattern should be relatively stable
and predictable. Our hypothesis is that the amount of air and
heat recirculated from the outlet of one server to the inlet of
another server is relatively stable. If we can characterize such
heat flow then we can use it to predict temperature distributions
based on different power consumption distributions.

B. Definitions

The air recirculation inside a datacenter can be characterized as
cross interference among server nodes. Figure 2 demonstrates
our abstract heat flow model and the correlation between
distributed nodes. Node N1 has inlet temperature T}, which
is a mix of supplied cold air with temperature Tg,, and
recirculated exhaust warm air from other nodes. The outlet
warm air of node N1 will partially return to the air conditioner,
and partially recirculate into other nodes with constant rate. It
also draws in exhaust hot air from the outlet of other nodes
due to recirculation. The rate, or the percentage of recirculated
heat a;; is defined as cross interference coefficients.

We assume the amount of recirculated heat from node ¢ to
node j is a;;Q%,;, where Q¢ , is the energy of exhaust air
from node ¢. The coefficient a;; is the percentage of heat flow
from node ¢ to node j. Assume cross-interference coefficients
are constant, then the matrix A ={a;;],  defines the cross-
interference among all server nodes.

For a given node ¢, the total amount of heat existed in the

out air flow, Q?,,, is given by
f)ut = Q:n + Pl = pfiCpTguta (3)
where P; is the power consumption of node i, f; is the flow

rate (the speed of fan drawing air) of node i, T'%,, is the outlet
air temperature. ()},, is the input heat given by

= pfiCy T, 4)

where T}, is the inlet air temperature. We assume the air
density does not change (where in practice it changes from
1.205kg/m? at 20°C' to 1.067kg/m3 at 60°C).

C. System Function

The heat @)%, carried by inlet air flow is actually a mixture of
supplied cold air and recirculated hot air, and we decompose

n .
it into the sum of multiple sub-"air flows” Z lainf,ut +
. ]:

sup» SO we have
but = D, 5@ + Quup + P 5)
n . .
=2 @irliC T+ Qup + P (6)

n
The total recirculated air flow rate to node i is Z _ i fis
]:

then f; — Zn L% f; is the flow rate of supplied cold
i= )
air flow drawn by node i, and consequently Qg,, =
n
P (fz - zjzlajifj) Cstup-
Then we have
n= ijlajipijpTgut +p (fz - ijlajifj) CpTsup-
(N

Considering Eq. 3 and substituting p f;C,, with K, for node
1 we have

. n . n
KiT5, = ijlaﬁKjTZuﬁ(Ki - Zj:ﬂjin) Tsup+Pi-
(3)

Then for all the nodes from 1 to n, we can have a group
of linear equations presented as a matrix equation

K'¥out = AI'K'¥out+K'¥sup_‘A,'K'¥sup+?a ©)

where A’ is the transpose of A, and the diagonal matrix K
is defined as

K; 0 ;
K=| 0 K, , (10)
and column vector ’_[‘>out, ?Sup, and F are defined as
Tolut TSUP Pl
TZ: || Toup (11)

, and Py

respectively.
Eq. 9 can also be written as

K. (?out _ ?Sup) —AK- (?out _ ?sup) + B, (12)

which we define as the system function of the datacenter.
It gives the mathematical representation of the correlations
among the outlet temperature, the supplied cold temperature,
the power consumption of all nodes, and the cross interference
coefficients.

D. Characterizing Cross Interference Coefficients

Suppose we have an initial reference power distribution ﬁre 7
for all n nodes, and with this djstribution we measure the
reference outlet temperature as % so we have reference
system function as:

K(T")

out —

out>

H
¥sup) = AIK(TTEf i‘>sup)+?refa

out —

13)



which has only one unknown matrix variable A’
Suppose for another new power consumption distribytion

%, we have another outlet temperature distribution T ,,
then we have
K(Thu — Taup) = AK(Thye — Tap)+Bre (1)
Subtracting Eq. 13 from Eq. 14, we have
K(Thu = T0if) = AK(Thu = Tap)+ P = Brey. (19

In the above equation, there are n linear equations and n?
variables (a;;). To solve it we need to establish n different
scenarios, e.g., n different power distribution vectors ?k, k=
1. n and consequently n different temperature distributions

k .- Then we have a group of matrix equations

K(?out ?Tef ?1 ¥out)+f)) ?Tef

out
AIK(Tout - out )+

K(T2,, - Trel) = . (16)
?ref) —AK gut¥re +? f))ref

out
n
K( out — out out
We define a new outlet temperature distribution matrix
new _— 1 2 n
Tout - { out? ~ outr """ out}ﬁ and a new power con-

sumption matrix Ppe, = { 2,...Pp}. In addition, we
. ref ref ref ref
define a constant matrix T ; = ?out,?out,...?out},

which is just a n column vector of ?TZ{ , and a constant
reference power matrix P,y = {Fref, ﬁref, ...Bmf} forn

scenarios. Now we put n equations of Eq.(16) into one matrix
equation as

K (T5ep-155]) = AK (T5e0-T55]) + PocwPrey,  (17)
which can be rewritten as

out out

A =1— (Ppew — Prey) (T"W - T”f) K-!, (18)

which can be used to calculate cross interference matrix.

The physical and practical indication of Eq. 18 is that we
can characterize cross interference with n different power
distribution vectors and record the corresponding outlet tem-
perature distribution, then calculate the cross-interference co-
efficients matrix by Eq. 18. We call this cross interference
profiling.

4. SIMULATION RESULTS

The simulation environment we used is the same as that of
our previous work [2]. At the beginning, we set 2500W as
the reference power consumption of all nodes and obtain a
reference temperature distribution of this power configuration.
Next, we keep all node except node ¢’s power consumption
unchanged, set the power consumption of node ¢ to new
value P, Which is defined as profiling value. Then we run
CFD simulation and measure the resulting outlet temperature
distribution T¥ ,. We repeat such process totally n times for
all n nodes. For CFD simulation, it takes about 18 hours to
finish the profiling process.

Figures 3 and 4 draws the cross interference coefficients ma-
trix A’ we calculated for profiling value 3500 Watts and 4500
Watts. Note that most of the high values are distributed along

the diagonals, as a node will have much strong interference
to its neighboring nodes but a relatively weak interference
to nodes far from it. The observation of cross interference
coefficients matches the physical phenomenon of datacenters.
Obviously, the distribution of the cross coefficients are almost
the same in the two cases. The cross interference coefficients
we obtained for different profiling values verified our hypoth-
esis that air flow pattern and consequently the amount of heat
recirculated are relatively stable and can be characterized as
stable cross interference coefficients.

Comparing the numerical values of cross interference coef-
ficients shown in Figures 3 and 4, we observe there are some
small numerical differences. These differences can be con-
tributed to the simulation truncation error, the simplified CFD
model, and the small change of air properties under different
temperature (our previous analysis assumed the air property
such as density and specific heat is constant regardless the
change of temperature).

A. Exit Coefficients and Recirculation Coefficients

We define the recipient of recirculated heat as victim, and
the source of recirculated heat as contributor. Previously, the
coefficient a;; is defined as the percentage of energy flow

from node ¢ to node j. Then (1 — Zé_l
be the amount of heat at node ¢ ’s outie_t which returns to
the cooling system without recirculating into other nodes. So
we define EC; =1 — Zé_lajj as the Exit Coefficient (EC)
of node i, it is a measure of whether the node 4 has a good
ventilation or not. Similarly, we define RC; = Zn a;j as
the Recirculation Coefficient (RC) of node ¢, the amount of
heat at node j ’s inlet obtained through recirculated warm air
instead of supplied cold air.
(s O Z

n
Please notice that Z

1, since at the outlets, some exhaust air w111 return to cooling
system instead of recirculate to the other nodes, and at the
inlets some air flow comes from supplied cold air coming out
from floor tiles. A small EC indicates that the node is a source
of hot air recirculation, and most of the exhaust heat will be
recirculated; whereas a large RC indicates that the node is a
victim of hot air recirculation.

Figures 5 and 6 show the EC and RC of the simulated
datacenter when typical power consumptions of servers are
4000 W. In Figure 6, we observe that the nodes located at
the upper part of the rack (row D or E) have relatively larger
RCs because these nodes could not obtain enough cold air
supply, so they absorb significant amount of recirculated hot
air compared to the nodes of the lower part.

The recirculated hot air comes from the nodes located at
the low part of the rack (row A or B). In Figure 5 we observe
that these lower part nodes have lower ECs since a significant
amount of exhaust hot air recirculates into other nodes, where
nodes at the upper part have larger ECs because their outlets
are close to the ceiling vents and most of the hot air returns
to AC directly.

a,-j) Q:,; would

| @ij may not equal to
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B. Verifying Temperature Prediction

As we mentioned before, the motivation of using abstract heat
flow model is to accelerate the thermal evaluation and predic-
tion process. We conducted simulation to verify the accuracy
of our cross interference based fast thermal evaluation.

We use fast evaluation to evaluate the inlet temperature dis-
tribution of the reference power vector and compare with CFD
simulation. Figure 7 shows very similar temperature change
trend between predicted temperature and measured tempera-
ture. Some numerical difference is due to the simplified heat
flow model, the truncation error of CFD simulation and the
nonlinear properties of air. We record the difference and use
it as offset parameters for future temperature evaluations.
Then we can greatly improve the prediction accuracy. We
randomly generate power consumption vectors, compare the
resulting temperatures obtained from CFD to temperatures
obtained from fast thermal evaluation. The average temper-
ature prediction error is about 0.38°C', which is acceptable
since this value is even smaller than the natural temperature
fluctuation (normally at least 1-2°C'). One randomly generated
power distribution and temperature prediction result are shown
in Figure 8. The left figure of Figure 8 shows the power
consumption distribution based on a task scheduling result.
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Fig. 7: Similar temperature change trend between predicted temperature and
measured temperature can be observed.

The right figure of Figure 8 shows an almost perfect match
between predicted temperature and measured temperature. The
simulation results confirmed that fast thermal evaluation can
be used to calculate temperature distribution which is much
faster than CFD simulation, with a very high accuracy.
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Fig. 8: Given a power consumption distribution of all server nodes, the cross interference based fast evaluation gives quite accurate temperature prediction.

C. Summary

Our observations obtained through above analysis of cross
interference coefficients are consistent with the physical phe-
nomena inside datacenter. Thus it confirms that our abstract
model and cross interference can characterize the recirculation
of the datacenter not only accurately, but also quantitatively.
Once we obtain cross interference coefficients with CFD pro-
filing, we no longer need to use CFD simulation in any future
temperature evaluations, and achieve fast thermal evaluation
with accurate and real-time temperature predictions.

5. RELATED WORK

Researchers at HP Labs and Duke University have published
work [3] [4] on smart cooling techniques for datacenters. They
have developed online measurement and control techniques
to improve energy-efficiency of datacenters, and have defined
Supply Heat Index (SHI) and Return Heat Index (RHI) to
characterize the energy efficiency of the cooling systems.

Our cross interference coefficients, as well as EC and RC,
provide a much detailed presentation of heat recirculation: at
a higher, server node level granularity, instead of the room
level description provided by SHI and RHI. The coefficients
can be used to identify the main sources of recirculation as
well as the victims of recirculation. Accordingly, remedies can
be taken to counteract or reduce recirculation effect. Next, we
plan to integrate cross coefficients with our previous work of
thermal-aware scheduling [2], to further improve the energy
efficiency of datacenters.

The work Consil [5] deducted inlet temperatures, and con-
sequently get thermal map, from internal motherboard sensor
readings by using neural net algorithms. Their work is based
on the assumption that inlet temperature information is not
available. Our work, instead, is based on the assumption that
temperature information is available from onboard sensors.
Based on the information from these sensors prediction and
evaluation of temperature can be performed without running
the slow CFD simulation.

Thermal-aware scheduling, proposed in [1], [6], and [7],
used CFD simulation to conduct thermal evaluation, which
can not be used for online real-time datacenter thermal man-
agement. To the best of our knowledge, we are the first to

propose an abstract heat flow model to predict and evaluate
temperature distribution in a more efficient manner, suitable
for online, real-time thermal management of datacenter.

6. CONCLUSIONS AND FUTURE WORK

In our previous work [2] we showed the potential of thermal-
aware scheduling to improve datacenter energy efficiency. In
this paper, we presented an abstract heat flow model which
characterizes the air recirculation of datacenters as cross
interference among server nodes, and the cross interference
coefficients can be used to accelerate the thermal evaluation
process. Next, we will combine the abstract heat flow model
and fast thermal evaluation with thermal-aware scheduling,
to implement online thermal-aware scheduling and to achieve
real-time datacenter thermal management.
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