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ABSTRACT
Thermal management is critical for clusters because of the
increasing power consumption of modern processors, com-
pact server architectures and growing server density in data
centers. Thermal balancing mitigates hot spots in a clus-
ter through dynamic load distribution among servers. This
paper presents the Control-theoretical Thermal Balancing
(CTB) algorithms that employ feedback control loops to
dynamically balance the temperature of different servers.
CTB features optimal controllers designed based on a dif-
ference equation model that captures thermal dynamics of
clusters. Stability analysis and simulation results demon-
strate that CTB can provide effective temperature balancing
when servers’ power consumption and ambient temperature
deviate from estimation or change significantly at run-time.

Categories and Subject Descriptors
D.4.7 [Operating Systems]: Organization and Design—
Distributed systems

General Terms
Thermal Management, Control-theoretical Thermal Balanc-
ing, Distributed Systems, Data Center, Cluster

1. INTRODUCTION
Thermal management is important for server clusters due to
increasing power consumption of modern processors, com-
pact server architectures and growing server density in data
centers. Thermal balancing is an attractive thermal man-
agement approach for server clusters as it can mitigate hot
spots in a cluster by dynamically redistributing load among
different processors. In contrast to other thermal manage-
ment mechanisms such as throttling and dynamic voltage
scaling, thermal balancing can avoid overheating a proces-
sor without causing performance degradation, which is par-
ticularly important for performance-sensitive and real-time
applications. Moreover, thermal balancing can be applied

to heterogeneous server clusters including legacy processors
that do not support throttling or dynamic voltage scaling.

To implement thermal balancing, a thermal balancer may
be implemented on the gateway of a server cluster that pro-
vide a same set of services on multiple servers. The thermal
balancer intercepts service requests from clients and then
dynamically forwards them to appropriate servers based on
online temperature measurement. While thermal balanc-
ing shares similarities with load balancing, it faces several
unique challenges that distinguishes it from load balancing.
First, while a load balancer is designed to balance the load
on different servers, a thermal balancer aims to balance the
temperature of different servers. While the temperature of
a server is related to its load, the thermal dynamics of a
server are more complex, because the temperature not only
depends on the current load but also its history. It is there-
fore important to incorporate the thermal dynamics in the
design of the thermal balancing algorithm. Finally, thermal
balancing must handle uncertainties and variations in the
thermal characteristics, such as varying power consumption,
thermal faults, and varying ambient temperature.

To tackle these challenges, we have developed Control-theoretic
Thermal Balancing (CTB), a novel thermal balancing ap-
proach based on feedback control theory. CTB employs a
feedback control loop that periodically monitors the temper-
ature and CPU utilization of different servers in a cluster,
and then redistributes clients’ service requests among differ-
ent processors to dynamically balance their temperature.

Specifically, the main contributions of CTB are as follows:

• a difference equation model that characterizes the ther-
mal dynamics of server clusters;

• two CTB algorithms analytically designed based on
optimal control theory;

• stability analysis and simulation results that demon-
strate CTB algorithms can effectively balance temper-
ature in the face of fluctuations in servers’ thermal
characteristics.

2. PROBLEM FORMULATION
In this section we first describe the system and thermal mod-
els we adopted in this work, and then formulate the thermal
balancing problem.



A cluster consists of n homogeneous single-processor servers
{Si|1 ≤ i ≤ n} connected by high speed networks. All
servers host a same set of services. A client may periodi-
cally invoke a service hosted by a server, where the periodic
processing of the request corresponds to a periodic task on
the server.

As managing the temperature of processors is a major con-
cern in server cluster, we focus on the thermal and power
properties of processors. Extending our work to thermal
control for the other system components is part of our fu-
ture work. The processor of each server has estimated active
power Pa when it is executing tasks. Note the actual active
power of a processor may deviate from the estimated ac-
tive power and change dynamically at run time, although
only the estimated active power is known a priori. When
a processor is idle, it transits to a sleep state with power,
Psleep.

We adopt a widely used thermal model [1] for the processor
Pri as follows.

dTi(t)

dt
= −ci,2(Ti(t) − T0) + ci,1Pi(t) (1)

where T ′

i (t) is the temperature of processor Pri, ci,1, ci,2

are the constant pertained to the thermal characteristics of
the processor and T0 is ambient temperature. Let T ′

i (t) =
Ti(t)−T0, we can write equation (1) in a more compact form

dT ′

i (t)

dt
= −ci,2T

′

i (t) + ci,1Pi(t).

For the whole system with n homogeneous processors, the
thermal model is the aggregation of the individual proces-
sor’s thermal model, because of the assumption of homoge-
neous systems, that is:

Ṫ ′(t) = AT ′(t) + BP (t)

where

T ′(t) = [T ′

1(t), T
′

2(t), ..., T
′

n(t)]T

and

P (t) = [P1(t), P2(t), ...., Pn(t)]T

while the constant matrices are
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Thus, the thermal model of the cluster can be written as

dT ′(t)

dt
= AT ′(t) + BP (t) (2)

By bilinear transformation [3], the continuous form of the
thermal model (2) is discretized as

T ′(k + 1) = ΦT ′(k) + Γ′P (k) (3)

where Φ = (I+ AW
2

)(I− AW
2

)−1 and Γ′ = (I− AW
2

)−1B
√

W
and W is the time of sampling interval. Note that in Equa-
tion (3) discretized power and temperature, Pi(k), T ′(k),
which are measured at sampling time kW , substitutes to
the continuous power Pi(t) and temperature T ′(k).

The thermal balancing problem can be formulated as a op-
timization problem.

Problem 1 (Thermal Balancing). The objective of
thermal balancing is to minimize the differences among the
temperature of different processors, that is,

min
k→∞

n
X

i=1

(Ti(k) − T̄ (k))2 (4)

where T̄ (k) is the average temperature, defined as T̄ (k) =
Pn

i=1
Ti(k)

n
.

Based on above objective the design goal of thermal balanc-
ing is that the temperature of all processors converge to a
same value.

The thermal balancer should also minimize the number of
redirections of clients’ invocations to different servers. This
is important because redirecting clients’ invocations can in-
cur non-negligible performance penalty and overhead in many
server clusters, e.g., due to loss of cache states or reestab-
lishing the HTTP session.

3. CTB DESIGN AND ANALYSIS
In this section we first provide an overview of Control-theoretic
Thermal Balancing (CTB) approach. We then present the
difference equation model that characterizes the thermal dy-
namics of a servers cluster. Based on the dynamic model we
detail the design and stability analysis of two CTB algo-
rithms.

3.1 Overview of CTB
The design goals of CTB are three-fold. First, CTB is
designed to balance the temperature of all processors in
the clusters. Second, CTB should function robustly under
varied power consumption and ambient temperature. Fi-
nally, CTB must also reduce the overhead and performance
penalty caused by load redistribution.

CTB uses online feedback for thermal balancing. A natural
choice of feedback is temperature. However, the tempera-
ture responds slowly to load redistribution. As a result, ther-
mal balancing solely based on temperature feedback may not
be able to regulate temperature quickly. To deal with the
problem, the thermal balancer may also employ CPU uti-
lization as feedback to improve responsiveness of thermal
balancing. In this work we develop two control algorithms
for thermal balancing. CTB-T only uses the temperature as
feedback while CTB-UT employs both utilization and tem-
perature as feedback.

As shown in Figure 1, CTB employs a distributed feedback
control loop consisting of a controller and a balancer on
the gateway for the cluster, and monitors located on the
servers. The feedback control loop dynamically monitors
and controls the temperature of individual processor in the
system. For the CTB algorithm, the controller input is a
vector, T(k), which includes the temperature of each pro-
cessor provided by its temperature sensor at the end of kth
sampling period. The output of the controller is a vector
of utilization change, ∆U(k), which indicates the requested
change to each processor’s utilization. According to the out-
put of the controller, the balancer computes the clients’ ser-
vice invocations that should be redirected among different



servers in the following sample period. At the end of the kth
sampling period, the feedback loop is invoked and executes
the following steps:

1. Each temperature monitor sends the controller the
controller input based on the measurement over the
last sampling period. Most modern processors inte-
grates on-chip temperature sensors. Alternatively, soft-
ware techniques based on event counters can be used
to estimate processor temperature [1]. The utilization
monitor measures the CPU utilization in the last sam-
pling period and sends it to the controller. In Linux,
the utilization monitor uses /proc/stat file to esti-
mate the CPU utilization in each sampling period.
The /proc/stat file records the number of jiffies (each
1/100 of a second) since the system start time, when
the CPU is in user mode, user mode with low prior-
ity (nice), system mode, and when used by the idle
tasks. At the end of each sampling period, the utiliza-
tion monitor reads the counters, and estimates CPU
utilization by dividing the number of jiffies used by
the idle tasks in the last sampling period by the total
number of jiffies in the same period [13].

2. The controller calculates the change to the CPU uti-
lization of every processor, ∆U(k), based on the tem-
perature vector T(k). Then ∆U(k) is sent to central-
ized balancer.

3. The balancer reallocates tasks among different servers
to accommodate the requested utilization change ∆U(k).
In the following sampling period, the balancer will
dynamically direct client’s service invocations to the
servers based on the new tasks allocation.

BalancerController
U(K)T(k)

Clients

Servers

Gateway Service Invocation

monitor

Services

monitor

Services

monitor

Services

monitor

Services

Service Redirection

Figure 1: CTB Framework and Components

3.2 Dynamic Model
As the foundation of the control design for thermal balanc-
ing, we now derive the dynamic model of a server cluster.
We denote the average power of the processor Pri in the kth
sampling period as P̄i(k). Then we assume for a processor
Pri, there is a set of tasks, Ji, running on it in the kth sam-
pling period, whose estimated utilization Ui(k) is the sum of
estimated utilization of each tasks, i.e., Ui(k) =

P

j∈Ji(k) uj .

The average power, Pi(k), can be written as,

P̄i(k) = P̃aUi(k) + Psleep(1 − Ui(k)) (5)

= (P̃a − Psleep)Ui(k) + Psleep

where P̃a is actual active power and Gu,i is the gain from
estimated utilization to actual utilization. So the average
power can be rewritten as

P̄i(k) = Gi(Pa − Psleep)Ui(k) + Psleep (6)

where the gain Gi =
P̃a−Psleep

Pa−Psleep
. By substituting discrete

power Pi(k) with average power P̄i(k), we can rewrite the
thermal model(3) as:

T ′(k + 1) = ΦT ′(k) + Γ′G(Pa − Psleep)U(k) + Γ′Psleep (7)

where G is defined as diag(G1, G2, ..., Gn). Note the substi-
tution of discrete power by average power induce approx-
imation error. The analysis shows that approximation er-
ror is tolerable in our thermal model. Due to the space
limit we omit detailed description of error analysis. Let
T (k) = T ′(k)− T̃ , where T̃ = Γ′Psleep(Φ−I)−1, the thermal
model of the system can be rewritten as

T (k + 1) = ΦT (k) + ΓU(k) (8)

where Γ = G(Pa − Psleep)Γ′.

3.3 Control Design of CTB-T
We now detail the design of the controller for the CTB-T al-
gorithm. Recall the control design has two objectives: (1) to
minimize the differences among the temperature of different
processors, and (2) to minimize the number of reallocated
tasks to reduce overhead. The first goal is concerned with
thermal balancing, while the second goal is concerned with
reducing the control cost. To address both objectives, we
choose to design a Linear Quadratic Regulator (LQR) based
on optimal control theory. The LQR controller is designed
for the following optimization objective.

min
k→∞

X

k

[X(k)T QX(k)] + ∆U(k)R∆U(k)]. (9)

where Q and R are weight matrix respectively and ∆X(k)
is the state of thermal model (8), i.e., X(k) = T (k). If we
denote
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and let Q = LT L, the thermal balancing problem 1 can be
transformed to the LQR controller design problem. In fact
because difference between processor Pri’s temperature and
the average temperature of all processors is

∆Ti(t) = Ti(t) −
P

1<k<n
Tk(t)

n

= (1 − 1

n
)Ti(t) −

1

n
T1(t) . . . − 1

n
Tn(t),

(10)

the first term of optimization objective matches the opti-
mization objective of thermal balancing problem. The sec-
ond term in the objective is related to the overhead for
client redirection. Intuitively, the larger ||∆Ui(k)||, the more
clients’ invocations must be redirected to/away from the
server. We set R = ρI where ρ is a parameter that can
be tuned to achieve the desired balance between thermal
balancing and control cost.



3.4 Control Design of CTB-UT
Based on the thermal model (8), there exists significant de-
lay between the change to the utilization and the change to
the temperature due to thermal dynamics. To improve the
responsiveness of thermal balancer, CTB-UT employs both
temperature and utilization as feedback for thermal balanc-
ing. CTB-UT also adopts an LQR controller, but the state
variables are temperature and utilization rather than only
temperature difference.

It is known that dynamics of utilization of processors can be
written as [7]

U(k + 1) = U(k) + ∆U(k). (11)

With thermal model (8), we can present the dynamics of
temperature and utilization by

»

T (k + 1)
U(k + 1)

–

=

»

Φ Γ
0 I

– »

T (k)
U(k)

–

+

»

0
I

–

∆U(k)

= ΦUT

»

T (k)
U(k)

–

+ ΓUT ∆U(k)

(12)
The LQR controller of CTB-UT is derived by temperature
and utilization as follows

∆U(k) = −
ˆ

KT KU

˜

»

T (k)
U(k)

–

(13)

It is noted that in CTB-UT optimization objective of LQR
has following form

min
k→∞

X

k

(

»

T (k)
U(k)

–T

QUT

»

T (k)
U(k)

–

+∆UT (k)RUT ∆U(k)
o

(14)

where QUT =

»

L 0
0 λ

–T »

L 0
0 λ

–

, RUT = ρI and λ is a

tunable parameter. The first term of optimization objec-
tive represents balancing both temperature and utilization.
Through tuning λ, we can adjust weight of temperature bal-
ancing and utilization balancing. If λ < 1, the controller is
more like CTB-T for thermal balancing. If λ > 1 the con-
troller is more like load balancing which responds faster to
changes to system load. With an appropriate λ, CTB-UT
can combine the benefits of thermal balancing and load bal-
ancing, by providing effective thermal balancing while re-
sponding quickly to system dynamics.

3.5 Stability and Robustness
The stability of a server cluster with CBT is defined as con-
vergence of temperature of all processors to their average
temperature. We design the LQR controller based on a nom-
inal system with G = I, that is, the power and utilization
equals their estimation. It is important to derive the region
of G where the system remain stable.

Theorem 1. The stable range of the G in CTB-T is

diag

„

1

1 +
√

α

«

< G < diag

„

1

1 −√
α

«

, (15)

where

α =
R

R + WΓT SΓ
.

and W is the time of sampling intervals and S is the solu-
tion of Algebraic Riccati Equation (ARE) [3], S = ΦT [S −
SΓR−1ΓT S]Φ + Q.

The proof of Theorem 1 can be derived directly from Corol-
lary 11.4.1 in [9]. It is noted that since R = ρI the robust
stable region of CTB-T varies along ρ.

Note this approach to robustness analysis is not applicable
to CTB-UT. When power gain G varies, ΦUT also changes.
Thus we cannot use Theorem 1 to derive the stability region
since the ARE has not a fixed solution like the case of CTB-
T. Instead we develop a numerical solution to calculate the
robust stability region.

First we derive the closed-loop systems based on thermal
model of CTB-UT (12) and optimal controller (13). The
closed-loop system has the form

»

T (k + 1)
U(k + 1)

–

= (ΦUT −
ˆ

KT KU

˜

ΓUT )

»

T (k)
U(k)

–

= ΦC

»

T (k)
U(k)

–

(16)

For a fixed ρ, ΦC characterized dynamics of the closed-loop
system. According to stability theory, if eigenvalues of ΦC

is in a unit circle the dynamical system is stable. Then
varying the value of G and observing eigenvalues of ΦC we
can acquire the stable region of G.

4. EVALUATION
To evaluate the CTB algorithms we developed an event-
driven simulator for server clusters. The cluster consists
of 16 servers. The temperature of the processor is simu-
lated based on the thermal model (8) with the parameters
presented in Table 1. Except thermal capacitance, other
parameters are based on Intel technical specification of Pen-
tium IV [6]. The thermal capacitance used here is a result
simulated by Hotspot [5].

Parameter Value Description

Sampling Period(Ps) 4s
Ambient Temperature(Ta) 45◦C

Active Power ( Pa) 51.9 W
Sleep Power (Pi) 13.3 W

Thermal Capacity(C) 295.7 J/K
Thermal Resistance(R) 0.1 K/W

c1 0.0034 K/J c1 = 1
C

c2 0.0338s c2 = 1
RC

Table 1: Simulation Parameters

4.1 Baseline Algorithms
We compare the CTB algorithms with an open-loop system
(OPEN) without temperature balancing, an Load Balanc-
ing (LB) algorithm and a Heuristic Temperature Balancing
(HTB) algorithm.

The LB algorithm is designed to dynamically balance the
CPU utilization of different processors. The invocation pe-
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Figure 2: Difference in Processor Under Varied Active Power

riod of the load balancing algorithm is the same as the sam-
pling period of CTB. In the end of each period, the algo-
rithm measures the utilization of every processor in the last
sampling period and then redistributes the tasks to balance
the utilization of different processors in the next sampling
period.

Like the CTB algorithms, the HTB algorithm is designed
to balance the temperature of different processors based on
temperature feedback. In contrast to the control-theoretic
approach adopted by CTB, HTB employs to reallocate tasks
among the processors. The heuristics is based on the obser-
vation that the change to temperature in the steady state is
proportional to the variation of utilization of the processor.
The imbalance of the temperature between processors can be
corrected by migrating tasks whose total utilization is calcu-
lated based on the ratio between the changes to the steady-
state temperature and utilization. The only difference be-
tween HTB and CTB-T is that the controller is computed
by LQR in CTB-T while it is a constant matrix present as
follows in HTB.
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where n is the number of processors and ft is the factor to
represent the amount of utilization necessary to change a
unit of temperature. ft is the ratio between the temper-
ature change and the utilization change in the stead state
and can be derived by setting the derivative of temperature

as 0 in thermal dynamic equation (1). Note that the HTB
algorithm has two key differences from the CTB algorithms:
(1) it is not designed to reduce the number of task redistri-
butions (i.e., control cost); and (2) it ignores the thermal
dynamics of the system which may influence the transient
response to system variations.

4.2 Simulation Results
We evaluate the performance of CTB under the cases of
varying power. In the first set of experiments we run the
simulation for 4000s. At starting time, the utilization of
each processor is assigned randomly in the range [0.4, 0.6].
We set the parameter of CTB-T as ρ = 1.0 and those of
CTB-UT as ρ = 1, λ = 0.005. To evaluate the algorithms’
capability to handle changes to the active power, the ratio
between actual power and estimated power, named power
ratio, of each processor is changed from 1.0 to a random
number in range of [0.8, 1.2] at 1000s. Figure 2 plots the dif-
ference between the temperature of each processor and the
average temperature of all processors. As shown in Figure 2,
after 1000s the temperature differences of HTB, CTB-T and
CTB-UT converge to close to zero, that is, all three thermal
balancing algorithms effectively balance the temperature of
the system. In contrast, LB results in significant differences
in processor temperature (as high as 11.8◦C) , indicating
that load balancing cannot achieve effective thermal balanc-
ing among processors with different active power.

We then compare the control cost under the different algo-
rithms. Figures 3(a) and 3(b) show the number and the
total utilization of the tasks reallocated by the algorithms.



HTB results in the highest control cost as it does not con-
sider control cost in its design. In comparison, both CTB-T
and CTB-UT significantly reduces the control cost, as their
LQR controllers are designed to minimize both temperature
difference and control cost. In particular, CTB-UT results
in the lowest control cost among the thermal balancing al-
gorithms because it responds more quickly to the changes
to system states as indicated by its shorter settling time.
While LB has even lower control cost, it cannot achieve ef-
fective thermal balancing as shown in Figure 2(b). To eval-
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Figure 3: Comparison of Control Cost

uate the robustness of CTB under varying parameters, the
experiment of changing power gain is performed. In Theo-
rem 1 We derive the range of stable gain of CTB-T. In the
simulation, G is changed continuously to test the stability of
CTB. Figure 4 illustrates the stable region of gain of CTB-T
and CTB-UT. Both CTB algorithms maintain stability over
wide ranges of power gains. From the figure, we can see
CTB is a significantly robust algorithm, for example, when
ρ = 1 the stable gain margin range of CTB-T and CTB-UT
are [0.50, 1474.30] and [0.51, 42.91], respectively. Because
CTB-UT employs utilization and temperature as feedback
to achieve better performance, as a result of trade-off be-
tween performance and stability, its stable region is smaller
than that of CTB-T. The stable regions of both CTB-T and
CTB-UT become wider when ρ increases. Because ρ is a
weight of thermal balancing performance relative to control
effort in the optimization. When ρ increases, derived LQR
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UT

controller outputs more significant control output to achieve
better performance. Again as a result of trade-off between
performance and stability, the stable regions of CTB-T and
CTB-UT become wider with ρ increasing.

5. RELATED WORKS
Feedback-based thermal management has been applied at
different levels of computer systems. At the architecture
level, the authors of [11] employ feedback control to regu-
late the instruction fetch rate to control the temperature
of the processor. Feedback control is used to manipulate
clock gating for mitigating the thermal pressure [2]. Heat-
and-Run [4] balances the temperature of different cores in a
multicore processor through instruction migration.

At the single-node system level, a proactive method [12] has
been proposed to regulate the temperature generated by
multimedia applications. At the distributed system level,
Weatherman [10] adopts a data-driven method to derive the
heat distribution in data center and then use this distribu-
tion to adjust workload in the data center.

The work most closed related to this paper is Power Bal-
ancing [8]. It used an event counter to estimate the power
of tasks on at run time and then performs thermal bal-
ancing through task migration in a multi-processor system.
However, this work performs thermal balancing based on
power estimation instead of direct temperature measure-
ment. Thus different applications need different parameters
must be calibrated. Furthermore, their algorithms are not
analytically designed based on a control-theoretic approach,
which is a key contribution of this work.

6. CONCLUSION
This paper proposes a control-theoretic approach to thermal
balancing in server clusters. Our work has the following key
contributions: (1) formulation of thermal balancing as a dy-
namic optimization problem; (2) a difference equation model
that characterizes the thermal dynamics for thermal balanc-
ing in server clusters; (3) two thermal balancing algorithms
analytically designed based on optimal control theory; and
(4) control analysis that establishes the stability and robust-
ness of the control algorithms under system uncertainties in
system power consumption. Simulation results demonstrate



the capability of our control-theoretic approach to achieve
thermal balancing at low control cost.
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