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Abstract—Dynamic thermal management methods are impor-
tant to control the temperature of microprocessor at runtime and
improve the reliability performance of the chip. In this paper,
a model predictive control based dynamic thermal management
method is proposed with hybrid thermal regulation techniques
combining task migration and dynamic voltage frequency scaling
(DVES) methods. The new method is able to track the specified
safe temperature ceiling, reduce processor performance degra-
dation, and lower temperature variation among different cores.

I. INTRODUCTION

High temperature caused by high power density of the
chip has become one of the most important constraints for
the evolution of microprocessor: the high temperature not
only lowers the reliability of the chip, but also limits the
performance of the processor [1].

Dynamic thermal management (DTM) techniques are in-
troduced to mitigate the thermal induced reliability issues as
well as enhance the performance of the processor under safe
temperatures [2]. Effective DTM methods include Task Mi-
gration and Dynamic Voltage and Frequency Scaling (DVES)
techniques. In task migration method [3], [4], heavy load
(high power consumption) tasks at high temperature cores
migrate to low temperature cores with light load (low power
consumption) tasks, and as a result, the temperature variation
among cores is minimized. Although it is able to keep the
high performance of the processor, it cannot guarantee the
core temperatures to be within the safe temperature range.
Instead, DVFS method [5], [6] keeps the core temperature in
safe range through reducing the power consumption by means
of lowering the voltage and frequency of a core. It is able
to guarantee the temperature safety, but with the penalty of
significant performance drop.

Model predictive control (MPC) [7] has been introduced
in control community to track a target output in the future
by computing the desired input trajectory. In [8], [9], MPC
has been introduced for microprocessor DTM problems and
used with DVFS method which directly takes the frequencies
of cores as the control input. However, due to the limitation
of DVEFS introduced before, such algorithms have negative
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impact on the performance of the processor. Power consump-
tion of a core is not only related to the frequency, but also
associated with the application running on the core: with the
same frequency, some applications consume much less power
than others. As a result, in MPC assisted DVFS, there are cores
which run at maximum frequency but still have low power
consumptions, and probably have low temperatures, while at
the same time, there are also cores whose frequencies have
been greatly reduced in order to match the temperature targets
on them.

In this paper, we propose a new hybrid dynamic ther-
mal management method with model predictive control. The
new method utilizes model predictive control to compute the
desired power input distribution for a specified temperature
target, then performs task migration and DVFS to adjust
current power distribution to match the desired one. With
the guidance of the weighted bipartite matching method,
frequencies of only limited number of cores are scaled. The
hybrid method takes advantages from both task migration and
DVES techniques: it is able to maximize the performance of
the processor, minimize the temperature variations over cores,
and also track target temperatures.

II. BASICS OF MODEL PREDICTIVE CONTROL WITH
THERMAL APPLICATION

In this section, the basics of thermal modeling techniques
are presented first, followed with the introduction of the model
predictive control method.

A. Thermal modeling

A thermal model of a microprocessor with m cores can be
expressed as an ordinary differential equation, and then written
into descretized form by applying Eular’s method with fixed
time step as

tm(k + 1) = At (k) + Brp(k),
y(k) = Cmtm(k)v

where t,,(k) € R™ is the thermal vector representing tem-
peratures of n blocks of the processor (including m cores,
with m < n) at time k; A,, € R"™" and B,, € R**™
contains thermal dynamic information determined by the ther-
mal conductance, thermal capacitance, and the topology of the
processor; p(k) € R™ is the power vector of m cores at time

)
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k; y(k) is the thermal vector of m cores; C,, € R™*™ is the
output selection matrix which selects the m core temperatures
from t,, (k).

B. Model predictive control

For the completeness of this paper, model predictive control
method is briefly introduced focusing on thermal application.
Interested readers are referred to [7] for detailed MPC discus-
sion.

In order to maximize the performance of the processor
without jeopardizing the reliability of the chip, we want every
core of the chip to be running with the load as heavy as
possible resulting in a temperature just below the ceiling of
the safe temperature range. In this work, MPC method is used
to achieve this goal, with the ceiling temperature provided in
a vector as

G =1[g7, g%, ... gT]T € R™Nex1,

In this vector, g € R™*! contains the ceiling safe temperatures
of each core, N, stands for a time frame from current to the
N, steps into the future, and is called the prediction horizon.
In order to keep the core temperatures tracking the goal in the
prediction horizon, at a time k, the future control trajectory
(which is actually unknown and needs to be computed in the
end) is introduced as

AP = [Ap(k), Ap(k +1),...,Ap(k + N. — 1)],

where N, is called the control horizon, and Ap(k) = p(k) —
p(k — 1). The prediction of core temperatures

Y = [y(k+ 1K), y(k +21k)7, .. y(k + Nplk)T]T,

where y(k + j|k) is the predicted core temperatures at time
k + j using information of current time k, can be calculated
assuming AP is known, using

Y = Vi(k) + PAP, )

where V' and @ are shown in (3) on top of the next page, and
A, B, C, and t used in (2) and (3) are from the augmented
model (not discussed in this paper due to the page limit), with
the structure as

a=lem, vl =]
C=[0, 1], ““Z[A;(nkgk)}’

where 0,,, is a matrix with all zero elements with suitable size.
The cost function is constructed as

F=(G-Y)'(G-Y)+APTRAP, (4)

where R = rIy_xn, 1s tuning matrix with r as the tuning
parameter. Please also note that Y is a function of the unknown
variable AP.

Optimization is performed to minimize (4) by taking the
first derivative of (4) with respect to AP and making it equal
to zero. The solution of AP is

AP = (7@ + R)~'oT (G — Va(k)). 5)

At each MPC time k, we only use the first computed control
signal Ap(k) from (5) and update the power distribution as

p(k) « p(k) + Ap(k), (6)

where p(k) is the updated power distribution. The resulting
temperature y(k) would track the desired temperature ceiling
with the updated power input. In other words, the updated
power input is the highest power can be reached without
violating the temperature requirements.

III. HYBRID DTM METHOD WITH MPC

As briefly introduced in Section II, MPC method can be
used to maximize the performance of the processor without
violating the temperature constraints. However, how to adjust
the power input as desired in (6) still needs to be researched.
In this section, a hybrid method combining task migration and
DVES is introduced to solve this problem.

A. Task migration with weighted bipartite matching method

We first consider task migration method only. Task migra-
tion method redistribute tasks among processor cores in order
to reduce the temperature variation among cores. It usually
involves swapping heavy load tasks from high temperature
cores with light load tasks from low temperature cores.

The purpose of using task migration method in this work is
different: we want to simply redistribute tasks (powers) as the
“update” action in (6). First, the current power distribution
of all m cores is represented as p(k) = [p1,p2, ", Pml>
the target power distribution after task migration, i.e. the
updated power distribution from MPC, is denoted as p(k) =
[P1,D2, "+ ,Pm])- To perform the “update” action using task
migration, we only need to determine how to re-arrange the
elements in p(k) to match the corresponding elements in p.
This is an assignment problem, and can be formulated into
a weighted bipartite matching problem. A weighted complete
bipartite graph G = (U, W, E) is first built, with vertex sets
U= A{p1,p2, - ,pm} W = {P1,P2,- - , P}, and edge set
E contains connections between U and W with weights. As a
complete bipartite graph, every vertex in U is connected with
all vertices in WW. The weight between p; and p; is defined as
the

wij = |pi — Dyl @)

Weighted bipartite matching algorithm is used on the graph,
and the output of the algorithm is another bipartite graph with
the same vertex sets U and V but every vertex in U (or W)
is connected with only one vertex in W (or U) such that the
cost (total weight of the output edges) is minimized.

An example of pure task migration method is provided in
Fig. 1 (a). All the vertices are paired as expected, with the
total cost of 13. It is also obvious that the pair (ps, p1), which
contributes 10 in the total cost, is a worse match than the other
two matched pairs.

Sometimes, pure task migration with MPC is able to
enhance the performance of the processor. However, two
problems are associated with pure task migration: first, if there
are much more heavy load tasks than light load ones, the
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resulting temperature will always be higher than the ceiling
temperature, such as caused by the (ps,p1) pair in Fig. 1 (a);
second, even if there are somewhat equal number of heavy and
light load tasks, sometimes it is still difficult for the resulting
temperature to track the ceiling temperature, because many
times a good match (nearly zero cost) in bipartite matching
algorithm cannot be found. The two problems are solved next
by integrating DVFS and introducing a hybrid method.

B. Hybrid method with DVFS and task migration

In this section, DVFS method is introduced to assist the
bipartite matching algorithm to find the nearly perfect match,
even when there are mostly heavy load tasks. In pure task
migration case, all the match pairs are found directly, which
include some bad match pairs due to the limitation of pure
task migration method stated before. Instead, we first find
the good pairs only, by removing the edges with weights
larger than a threshold wy;, from G, and run bipartite matching
algorithm on the modified graph G = (U, W, E). After the
first match, assume there are ¢ leftover vertices from U (same
number from W). The leftovers from U and W are collected
in Uy = {pi,,p1pr--- o,y and Wi = {pr,, Py 501, 1
respectively. Assume average power from U; and W; are
avg(p;) and avg(p;), in case of the first problem (many
heavy load tasks), there should have avg(p;) > avg(p;). This
problem is solved by performing DVFS on the corresponding

cores of U; with the power scaling ratio of

®)

and perform bipartite matching again on the scaled leftovers.

It is also possible that there is avg(p;) < avg(p;) which
means the first round leftovers are not caused by the first
problem, or there are still leftovers after DVFS and the second
biparte matching. The two cases both mean that we have
encountered the second problem. To solve this problem, the
threshold wyy, is first relaxed to a higher value and run bipartite
matching algorithm on the leftovers to seek for a sub-optimal
solution. After this round, threshold is further raised to infinity
(the vertex pair without edge are assumed to have the edge
with infinity weight) in order to pair all vertices left (if any),
and DVEFS is performed on the poorly matched pairs which
have a higher power value on the current power side compared
to the MPC updated power side.

A simplified example of the hybrid method is shown in
Fig. 1 (b) and (c). The modified weighted bipartite graph with
the weight threshold 5 is shown in Fig. 1 (b). The edges in
Fig. 1 (a) which have weights larger than 5 are removed in
this new figure. The resulting matched pairs are only (p1, p2),
and (P2, ps), with total cost of 3. p3 and p;, which cannot
be matched well with any other vertices, are leftovers of
the first round. They are collected into the leftover group U
and W, and re-numbered as p;, and p;, as shown in Fig. 1
(c). Then, DVES is performed on p;, with the scaling ratio

Tdvfs = avg(ﬁl)/avg(pl)7
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Tavfs = 0.75 calculated using (8). Finally, p;, and the scaled
pi, are matched with the second round weighted bipartite
matching. In this example, there is no more leftovers and this
ends the new algorithm. However, if there are still leftovers
after the second round matching, the threshold will be raised
to a higher value and then to infinity, and DVFS will be
performed on the suitable poorly matched pairs as presented
in the new algorithm.

IV. EXPERIMENTAL RESULTS

The experiments are performed on a Linux server with
3.10GHz quad-core CPU and 4GB memory. The new method
is implemented in Matlab R2010a, and HotSpot [10] is used
to build the thermal model based on the configuration of a
microprocessor with 9 cores distributed in a 3 x 3 fashion.
Wattch [11] is used to generate the power information with
SPEC benchmarks [12]. We use 9 power traces on 9 different
SPEC benchmarks as the power traces of the 9-core micro-
processor, and the simulation time step is set to be 1 second,
with the ambient temperature set to be 20°C'.

First, we let all 9 cores run at maximum speed without any
DTM methods involved. This “free run” transient temperature
traces are shown in Fig. 2 (a). It can be seem that the cores
have temperatures as high as up to 110°C', which puts the chip
in great danger. Moreover, temperature variance among cores
is shown in Fig. 3 (a), which reveals the large temperature
differences in different cores.

Next, we set the safe temperature ceiling as 90°C' for all
cores, and activate our hybrid DTM with MPC at the time of
200 second. The corresponding transient temperature traces
are given in Fig. 2 (b), which shows that temperatures from
all cores track the given ceiling of 90°C' as soon as the new
DTM method takes effect at 200 second. In order to study the
temperature variation among cores with the new DTM method,
the corresponding temperature variance is demonstrated in
Fig. 3 (b). It is obvious that the temperature variance among
cores has been greatly reduced using the new method.

V. CONCLUSION

In this paper, an MPC based hybrid DTM method com-
bining task migration and DVFS techniques is proposed. The
new method utilizes MPC to calculate the suitable power

20
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time/s time/s

(a) The temperature variance of
the “free run”.

(b) The temperature variance
with the new DTM method ac-
tivated at the 200 second.

Fig. 3. Comparison of the variance among 9 cores.

consumption to track a specified safe temperature ceiling. An
algorithm, with both task migration and DVFS, is developed
to adjust current core power consumptions according to the
computed ones from MPC. The new method is able to track
the given temperature with limited frequency scaling actions
to avoid significant performance degradation of processor.
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