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Abstract—This paper investigates a new architecture-level
thermal characterization problem from a behavioral modeling
perspective to address the emerging thermal related analysis and
optimization problems for high-performance multicore micropro-
cessor design. We propose a new approach, called ThermPOF,
to build the thermal behavioral models from the measured or
simulated thermal and power information at the architecture
level. ThermPOF first builds the behavioral thermal model using
the generalized pencil-of-function (GPOF) method. Owing to the
unique characteristics of transient temperature changes at the
chip level, we propose two new schemes to improve the GPOF.
First, we apply a logarithmic-scale sampling scheme instead of
the traditional linear sampling to better capture the temperature
changing behaviors. Second, we modify the extracted thermal
impulse response such that the extracted poles from GPOF are
guaranteed to be stable without accuracy loss. To further reduce
the model size, a Krylov subspace-based reduction method is
performed to reduce the order of the models in the state–space
form. Experimental results on a real quad-core microprocessor
show that generated thermal behavioral models match the given
temperature very well.

Index Terms—Krylov subspace, matrix pencil, multi-core CPU,
thermal model.

I. INTRODUCTION

A S CMOS technology is scaled into the nanometer region,
the power density of high-performance microprocessors

has increased drastically. The exponential power density in-
crease will in turn lead to average chip temperature to raise
rapidly [2]. Higher temperature has significant adverse impacts
on chip packaging cost, performance, and reliability. Excessive
on-chip temperature leads to slower transistor speed owning to
reduced carrier mobility, more leakage power consumption as
leakage currents grow exponentially with temperature, higher
interconnect resistance, and reduced reliability [4], [7].

Leakage power increases exponentially with temperature. At
90-nm process nodes, leakage accounts for about 25%–40% of
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total power, while at 65 nm it may account for 50%–70% of
total power. On-chip temperature impacts timing. Every 15 C
increase causes interconnect delay of approximately 10% to
15% and electromigration increases exponentially with temper-
ature increases and reduces the life of products by four times
[16]. Clock gating and multithreshold CMOS increase on-chip
thermal stress and variation.

To mitigate the increasing thermal-related problems, spe-
cially some hot spots, various system-level/architecture-level
power-management and thermal management techniques have
been proposed [4], [7], [18], which requires accurate tempera-
ture estimation at the chip level.

One way to mitigate the high-temperature problem is to put
multiple cores into one single multicore CPU [1], [3], [13].
In this way, one can simply increase the total throughput via
task-level parallel computation, and have lower voltage and fre-
quency to meet thermal constraints, but the thermal effects are
influenced by the placement of cores and shared caches. So it
is very important to consider the temperature during the floor-
planning and architecture design of multicore microprocessor.

The estimated temperature at the architecture level can then
be used to perform power, performance, and reliability anal-
ysis in the floorplanning and packaging design [18]. As a re-
sult, design guided by temperature, can be optimized theoret-
ically without potential thermal problems. For the cycle-accu-
rate architecture thermal simulation, the simulation time can be
very long (several seconds) [14]. For instance, for a 3-GHz CPU,
10-K clock cycles (typically used) is 3.3 s. For 10 s, the number
of time steps is 3 million. The compact thermal models can be
critical to reduce long simulation time. To facilitate this temper-
ature-aware architecture design, it is important to have accurate
and fast thermal estimation at the architecture level. Both archi-
tecture and CAD tool communities currently lack reliable and
practical tools for thermal architecture modeling.

Existing work on the HotSpot [10], [18] tries to solve this
problem by generating the architecture thermal model in a
bottom-up way based on the internal structure/architecture
of the microprocessor. The bottom-up approaches including
finite element (FEM)-based methods are widely used thermal
modeling and analysis in the past. It can be accurate when
detailed thermal structures are known, but the model sizes can
be substantially large for very accurate modelings. Compact
bottom-up models like the one in HotSpot can be built and but
those models may suffer accuracy lose. The compact models
have to be calibrated with hardware if more accurate models are
required. Also, the generated models may not easy accommo-
date the changing parameters like the thermal conductivities,
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different thermal and packaging configurations to produce the
parameterized thermal models [21], [22]. Recently, a steady
and dynamic thermal analyzer, ISAC [23], has been proposed.
The method is based on the multigrid-based iteration method
to solve thermal circuits. It performs adaptive discretization
on the models to speed up the simulation process. We notice
that RC network identifications using so-called numerical de-
convolution in both frequency and time domains was proposed
[19], but the method only works for RC networks and is hard to
accommodate the different parameters either.

In this paper, we propose a new thermal behavioral modeling
approach for fast temperature estimation at the architecture
level for multicore microprocessors. The new approach, called
ThermPOF, builds the transfer function matrix from the
measured or simulated thermal and power information. It
first builds behavioral thermal models using the generalized
pencil-of-function (GPOF) method [8], [9], [17], which was
developed in the communication community to build the
rational modeling from the given data of real-time and elec-
tromagnetism systems. However, the direct use of GPOF does
not work for thermal systems. Based on the characteristics of
transient chip-level temperature behaviors, we make two new
improvements over the traditional GPOF: First, we apply a
logarithmic-scale sampling scheme instead of the traditional
linear sampling to better capture the rapid temperatures change
over the long period. Second, we modify the extracted thermal
impulse response such that the extracted poles from GPOF
are guaranteed to be stable without accuracy loss. Finally, we
further reduce the size of thermal models by a Krylov subspace
reduction method to further speedup the simulation process
[20]. Experimental results on a real multicore microprocessor
show that the generated thermal behavioral models can be
built very efficiently and the resulting model match the given
temperature well.

The proposed method provides a different perspective for
thermal modeling. The existing approach like HotSpot can be
viewed as a bottom-up approach by considering the internal
structures of the architectures of a processor. While our ap-
proach is a top-down approach as we only consider the port
behaviors of the processors at the architecture level. The two
methods in a sense are complementary in their solutions.

The advantage of the proposed method is that it is very simply
and cheap to build the models as we only need the measured or
computed thermal and power information, we do not need to
know the internal structure of the microprocessors at a archi-
tecture or other more detailed levels. Its accuracy with respect
to the hardware is automatically achieved during the modeling
process. Also, the proposed method can be easily extended to
consider variable parameters like thermal conductivities, mea-
suring points (heat sink, heat spreader), etc., to build the param-
eterized thermal models.

In addition to the thermal modeling of the multicore pro-
cessor, the proposed method can also be used for many other
thermal related design processes. In mobile platforms, it is im-
portant to understand the thermal interactions between different
power components as they usually share the same cooling so-
lution and thermal envelope. The thermal behavioral modeling
will be quite useful to understand these influences by analyzing

a variety of power scenarios. This will be almost impossible
using experiments or FEM-based methods. Also, as systems be-
come smaller and new boundary conditions emerge (e.g., er-
gonomic limits), the thermal behavioral models will be very
useful to better understand the trade-offs between different de-
sign conditions.

The rest of this paper is organized as the follows. Section II
presents thermal modeling problem we try to solve. Section III
reviews a generalized pencil-of-function (GPOF) method for
extracting the poles and residues from the transient response.
Section IV presents our new thermal behavioral modeling ap-
proach based on the GPOF. Section V explains application of
a Krylov subspace based reduction method to reduce thermal
models for faster simulation. Section VI shows the experimental
results and Section VII concludes this paper.

II. ARCHITECTURE-LEVEL THERMAL MODELING PROBLEM

We first present the new thermal behavioral modeling
problem. Basically, we want to build the behavioral model,
which is excited by the power input and produces the tem-
perature outputs for the specific locations at the architecture
level of the multicore microprocessor. Our behavioral models
are created and calibrated with the measured or simulated
temperature and power information from the chips.

Our models are mainly built in the mathematic level and
we model the power thermal relationships without regarding
many other physical properties (like real poles the system
should have) of the multicore systems, but as far as simulation
and verification are concerned, our models can work with any
thermal simulators for thermal-related synthesis and optimiza-
tion. Another benefit of such behavioral thermal models is
that it can easily built for many different architectures with
different thermal conditions and thermal parameters such as
thermal conductivity, thermal cooling configuration, measuring
locations (in chip dies, in heat spreader, in heat sinks and other
locations), etc. It also has a clear path to build parameterized
thermal models with variable parameters.

We remark that the proposed thermal modeling method is a
general black-box modeling approach and can be easily applied
to thermal modeling of microprocessors and other platform sys-
tems at different levels and granularities.

Since the given temperature data are transient and changing
over time, we need to capture the transient behavior of the tem-
perature, which can be attained by building an impulse response
function between temperature and power in the time domain.

In this paper, we study a quad-core microprocessor architec-
ture from Intel Corporation to validate the new thermal mod-
eling method. The architecture of the multicore microprocessor
is shown in Fig. 1, where there are four CPU cores (die 0 to
die 3) and one shared cache core (die 4). TIM here stands for
thermal interface material. The temperature of each die is re-
ported on the die bottom face in the center of each die. We can
abstract this quad-core CPU into a linear system with five in-
puts and five outputs as shown in Fig. 2 (actually, the input
and output port will be shared as shown later). The inputs are
the power traces of all the cores, and the outputs are the temper-
atures of them, respectively.
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Fig. 1. Quad-core architecture.

Fig. 2. Abstracted model system.

Such a system can be described by the impulse-response ma-
trix-valued function

(1)

where is the impulse response function for output port due
to input port . So totally we have 25 transfer functions.

Given a power input vector for each core , the transient
temperature vector (at all the ports) can be then computed

(2)

Equation (2) can be further written in frequency domain as fol-
lows:

(3)

where , and are the Laplace transform of ,
and , respectively. is called the transfer-function

matrix of the system where each can be represented as the
partial fraction form or the pole-residue form as

(4)

where is the transfer function between the th input ter-
minal and the th output terminal; and are the th pole and
residue, respectively. Once transfer functions are computed, the
transient responses can be easily computed.

We remark that the leakage current depends on the tempera-
ture exponentially. High temperature will leads to large leak-
ages current. Such power-temperature dependency should be
addressed in the power modeling for better accuracy, but this
paper is mainly focusing the thermal circuit modelings.

The remaining important problem is to find the poles and
residues for each transfer function from the given thermal
and power information. It turns out that the generalized
pencil-of-function can be used for this propose, but we cannot
simply apply the GPOF method as we show in the Section IV. In
the following section, we will briefly review the GPOF method
before we present our improvements and the new method.

III. REVIEW OF GPOF METHOD

The generalized pencil-of-function
(GPOF) method can be used to extract the poles and residues
from the transient response of a real-time dynamic (electrical,
electromagnetic) systems [8], [9], [17]. The GPOF method es-
sentially can be viewed as a special general eigenvalue decom-
position method, which finds the eigenvalues of the sampled two
nonsquare matrices from the output of the linear dynamic sys-
tems [see (16)]. The eigenvalues actually are the poles of the
systems.

Specifically, GPOF can work for such a system that can be
expressed in sum of complex exponentials

(5)

where is the number of sampled points, ,
is the complex residues, are the complex poles, and is

the sampling interval. is the number of poles used to build
the transfer function. Let us define

(6)

which becomes a pole in -plane. For real value , both and
should be in complex-conjugate pairs. Let us define the new

vector of node temperatures (in our problem) as
where

(7)

where can be viewed as the sampling window size. Based on
these vectors, we can define the matrices and as

(8)

(9)

Then, one can obtain the following relationship among the ,
and the pole and residue vectors and based on the

structure of , :

(10)

(11)

where

...
...

...
(12)
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Fig. 3. GPOF algorithm for poles and residues extraction.

...
...

...
(13)

(14)

(15)

So the problem we need to solve is to find the pole and residue
vector and efficiently. It turns out that this can be easily
computed by observing that

(16)

Hence, the poles are the eigenvalues of , where indi-
cate the (Moore–Penrose) pseudoinverse, as is not a square
matrix. As a result, one can obtain the by using

(17)

where and , and come from the singular
value decomposition (SVD) of

(18)

where means taking the conjugate transpose of . After the
is computed, we can obtain the pole vector by performing

the eigen-decomposition of , , where
is to obtain the eigenvalue vector from matrix . Once is
obtained, we can compute the residue vector by using either
(10) or (11).

We summarize the GPOF algorithm flow in Fig. 3, where
is the total number of sampled points, is the number of poles
used, and can be viewed as the sampling window size.

GPOF works on the sum of exponential forms, which can
be represented in the partial fraction form in frequency domain
like (4). So it can be used to extract poles and residues from the
impulse responses for our problem. The GPOF method allows

, which means that we can allow different
window sizes and pole numbers. Typically, choosing
can yield good results. Obviously, more poles will lead more
accurate results. For our problem we find gives the
good results.

Fig. 4. Flow of extracting one transfer function.

IV. NEW ARCHITECTURE-LEVEL THERMAL BEHAVIORAL

MODELING METHOD

In this section, we present our new thermal behavioral
modeling approach based on the GPOF method mentioned in
the previous section. We first present the ThermPOF algorithm
flow. Then, we explain the several key steps in our proposed
method.

A. ThermPOF Algorithm Flow

Now, we describe all the important steps to obtain a transfer
function of the thermal system, which is shown in Fig. 4.

Step 1 computes the impulse responses from the given step
responses. Step 2–4 basically improve the sampling efficiency
and stabilizing the models. Step 5 has been explained in the pre-
vious section. We will explain the key steps 2–4 in the following
subsections.

We need to perform ThermPOF for all the transfer functions
in our method to obtain the complete thermal models.

B. Logarithmic Scale Sampling for Poles and Residues
Extraction

GPOF method should be applied to the thermal impulse
response, which in general cannot be obtained directly from
measurement or simulation. Instead, we are provided with the
thermal step response for each core excited by the power input
on the given multicore microprocessor. Then impulse response
can be obtained by performing the numerical differentiation on
the step response.

However, directly applying the GPOF to the computed
thermal impulse response may not lead to a stable and accurate
model. In the following, we will first show the problems and
then present two improvement schemes in the ThermPOF
method such that the resulting model is stable and accurate.

The first problem we face for the thermal modeling is that
linear sampling in the traditional GPOF method does not work
for our thermal data.

According to GPOF method reviewed in Section III, we know
that matrices and are constructed from the sampled data
and that the sampling time interval must be the same. How-
ever, how to obtain sample observed temperature changes be-
came a big issue as the step temperature response often goes up
rapidly in the first few seconds and gradually tends to reach a
steady state after a relatively long time.

This can be illustrated in Fig. 5(a), which is step temperature
response for core0 when only core0 is driven by a step
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Fig. 5. Transient temperature change of core0 when core0 is excited by 20-W power input. (a) Linear time scale. (b) Logarithmic time scale.

20-W power source beginning at (which is called active
in this paper). The ambient temperature, the initial temperature
when no input power at the beginning, is 35 C. We observe
that almost all the temperature increase occurs within the first
second, from 35 C to 57.9 C, where 61.1 C is the final stable
temperature when core0 reaches a steady state after 1000 s or
more.

However, the rapid temperature changes and a long observing
period lead to problems for the GPOF method if linear sampling
is used. The reason is that, to capture the thermal change infor-
mation, the sampling interval tends to be very small, but this will
lead to a very large number of samples owning to the long tail of
the thermal response reaching the steady state. As a result, we
have to use a very large and consequently very large , which
causes large dimensions of matrices and in GPOF. Hence,
the following matrix operations such as multiplication, inverse,
or singular value decomposition (SVD) become very expensive.

In this paper, we propose to use the logarithmic-scale sam-
pling (log-scale sampling for short) to mitigate this problem. For
the same temperature response in Fig. 5(a), we can obtain the
log-sampled temperature response in Fig. 5(b), which clearly
show how the temperature changes over the log-scale time grad-
ually.

After the time is changed to the logarithmic scale, which is
time and it may become negative. So we need to offset it

to make sure that temperature response always starts at
in the log scale, and the offsetting will not affect GPOF opera-
tions. After we obtain the transfer function from GPOF, we need
to compute the response in original time scale. We can get the
response back by using

(19)

where is the response in normal time scale is the
response in log-scale; is the offset and usually it is a very
small value.

We remark that logarithmic sampling in time and frequency
domain has been used in the numerical deconvolution method
for RC network extraction in the past [19].

C. Stable Poles and Residues Extraction

1) Stable Pole Extraction: The second problem with the
GPOF method is that it will not always generate stable poles
for a given impulse response. Actually, GPOF model can
give a very good matching for a given impulse response for
the sampled interval by using positive poles, but outside the
sampled interval, the response from the model by GPOF can be
unbounded due to the positive poles.

Fig. 6(a) shows the extracted impulse response compared to
the original one for one of the cores. For this example, the sam-
pled time interval is from 0 to 1000 s. Except for the very be-
ginning (we will address this issue later), it can be seen that the
computed model matches very well with the original one from
time 0 to 1000 s (the corresponding in log-scaled

-axis with offset being ), but outside the time in-
terval, if we extend the time scale to s, they are signifi-
cant differences between the two models. The computed models
does not look like an impulse responses and will go unbounded
actually owning to the positive poles. Fig. 7(a) shows the ex-
tracted poles where not all the poles extracted by GPOF are
stable (having negative real parts).

To resolve this problem, we propose to extend the time in-
terval for zero-response time. For any impulse response, after
sufficient time, the response will become zero (or numerically
become zero) as the area integration of the impulse curve below
is a constant (should be 1 ideally). By sufficiently extending the
time interval for zero-response time in an impulse response, we
can make all the poles stable. The reason is that if we have pos-
itive poles, after sufficient long time, the response will always
go nonzero and eventually become unbounded assuming all the
poles are different numerically, which is always true practically.
If we ensure the zero response for a sufficient long time, all the
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Fig. 6. Unstable and stable impulse response for Core0. (a) Impulse response with positive poles. (b) Impulse response with only negative poles.

poles must be stable. The reason is that the response contributed
only by those stable poles can decay to zero. Positive poles will
lead to unbounded response for a long time interval.

Using the same example, if we extend the time interval
to s, which actually does not increase significantly in
log-scale, all the extracted poles become stable. Fig. 7(b) shows
the extracted poles by extending zero-response time to s,
where all the poles are stable (with negative real part) and
Fig. 6(b) shows the extracted stable impulse response. For all
our problems, we find s seems sufficient for our example.
The proposed pole stabilization method can be applied to any
stable dynamic system using the pencil of function method.
If you sample zero-response sufficient enough, the generated
poles will be negative, but the sufficient time is problem de-
pendent. Typically, the new interval should be several orders of
magnitude larger than the original time interval.

2) Stabilizing the Starting Response: Temperature changes
is very slow at the very beginning. As a result, the obtained im-
pulse response may become zero numerically for a short period
at the beginning.

However, the zero-response time at beginning may cause the
significant discrepancies as shown in Fig. 6(b). For example,
we consider the temperature of core1 when only core0 is ac-
tive. Assume that core0 is active at , in the first very short
time, such as s, temperature response of core1, due
to the delay in thermal transmission, is probably still 0 and it
may begin to increase at s. Normally, we consider
the difference s and s as a small value in normal
time scale, but in the log-scale, this difference is translated to
a noticeable period of time with zero responses at the begin-
ning, and long zero-response time at the beginning, however,
may cause the significant discrepancies as shown in Fig. 8(a),
although the computed response tends to be accurate after some
time period. This means this transfer function we obtained is
not accurate enough. Fig. 8(b) shows a step response computed
by the transfer function obtained in Fig. 8(a). Obviously, it has
visible differences compared to the original one.

The reason for this problem is that the log-scaled impulse re-
sponse is different from the impulse response from a physical
RLC electronic circuit in which the response goes to nonzero
immediately after . To resolve this problem, we may trun-
cate the beginning zero-response time such that responses go to
nonzero numerically immediately. This can be achieved by set-
ting threshold temperature to locate the new zero time. During
the simulation process of the model, in all the actual time be-
fore the new artificial zero time, the response will be set to zero.
Fig. 9 shows the impulse and step response computed by accu-
rate model after suppressing the beginning zeros.

This problem can also be mitigated by increasing the value
of , which means more sampling points but more accuracy.
The advantage of the second method is that we can set up the
same offset for all the transfer functions, which can simplify the
reduced models. Fig. 10 shows the improved impulse and step
responses from core0 to core1. Here, , in contrast to

as used before. Notice that more may not result in
more accurate models. In our experiments, varies from 150 to
300.

D. Recursive Computation of Temperature Responses and
Time Complexity

After we obtain the transfer-function matrix , responses
of the system can be computed theoretically for whatever type
of inputs. In this paper, we introduce a fast recursive response
computation method. Recursive convolution is a fast convolu-
tion with time complexity instead of traditional
time complexity [6], where is the number of time steps. This
method requires to know the poles/residues of the transfer func-
tions.

For our problem, the computation complexity becomes

(20)

where is the number of time segments or the number of power
traces and is the order of the thermal models (number of the
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Fig. 7. Poles distributions of unstable and stable extracted transfer function. (a) Existing positive poles. (b) Only negative poles.

Fig. 8. Impulse and step response computed by inaccurate model with large error in the starting time. (a) Impulse response with large errors in the starting time.
(b) The corresponding step response for the inaccurate model. Here, the zero temperature means the room temperature.

poles in each transfer function). So it can be seen that the sim-
ulation time is linear with respect to both model size (number
of poles in each transfer function) and the number of the time
steps.

In contrast, for traditional integration methods, the time com-
plexity for a linear matrix, is where item
(typically, for sparse circuits) is for the matrix
factorization, (typically, for sparse circuits)
is for solving one step in transient analysis. The time complexity
is super-linear in general.

In our problem, if the power traces are clock-pulses like as
shown in Fig. 14, i.e., the power inputs stay the same during
one time segment. The recursive convolution can be simplified.
Specifically, the power input can be seen as the sum of a group
step inputs with different delays. This method works well for
the general inputs as long as the time interval is small enough.

Given the power traces and time interval , the response in
each time segment not only depends on the current power inputs,
but also depends on the previous power inputs. In total there are
three cases of power inputs changes, as shown in the left part of
Fig. 11, where and are two immediate time segments,
and is the time interval.

Considering powers change at , we would like to com-
pute the temperature at in the th time seg-
ment , and can be computed as shown in the right part
of Fig. 11, respectively, where is the step response. The
intuitive explanation of the Fig. 11 is that the final waveforms at
any time point is the sum of step response waveforms generated
from all previous power inputs at all the previous time steps. If
the input becomes zero, it means adding a negative step response
waveform (case 1); if input becomes positive from zero, it means
adding a positive step response waveform (case 3). Otherwise,
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Fig. 9. Impulse and step response computed by accurate model with both improvements. (a) Impulse response. (b) Step response.

Fig. 10. Impulse and step response with � � ���.

Fig. 11. Recursive computation step.

we stay at the same value (case 2), but the recursive convolution
[6] can be used to compute any input waveforms in a linear time.

V. REDUCTION OF THERMAL MODELS

After we obtain our thermal models, we can further reduce
the order of the models. In this paper, a classic Krylov-subspace
model order reduction method PRIMA [15], [20] is used. Before
using PRIMA, we need to have the state-space realization (21),
which can be formed by poles and residues as follows:

(21)

In our model, poles and residues are both complex and ap-
pear in conjugate pairs, and for each pair (22), the state-space
realization is in the form of (23) [5] as follows:

(22)

where and . Let us further define

(23)
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Fig. 12. Comparison results of core0’s temperature when all cores are active (driven by 20-W powers). (a) Temperature response of core0 in the linear scale. (b)
Temperature response of core0 in the log scale.

Fig. 13. Comparison results of cache’s temperature when all cores are active (driven by 20-W powers). (a) Temperature response of cache in the linear scale. (b)
Temperature response of cache in the log scale.

So we have the state-space realization as follows:

...
...

...
...

(24)

where is the number of the complex pole pairs in the transfer
function and . Then, the model order reduction is
performed

(25)

where is the projection matrix obtained from PRIMA.

After model reduction, we need to extract the poles and
residues from the reduced matrix (25) to go back to the partial
fraction form (pole-residue form). This can be done by means
of the eigen-decomposition of [5], which leads to a diagonal
matrix containing eigenvalues and an orthogonal matrix
formed by the eigenvectors.

Thus, the transfer function of the pole-residue form in (4) can
be computed as

(26)

where is the th diagonal element of , is the th element
of , is the th element of , and is the reduced
order.
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Fig. 14. Thermal simulation results on given power input traces. (a) Random power input traces. (b) Core0’s temperature.

TABLE I
DIFFERENCE WHEN TEMPERATURES ACHIEVE THE STEADY STATE

TABLE II
STATISTICS OF THE DIFFERENCE BETWEEN MEASURED

AND COMPUTED TEMPERATURES

VI. EXPERIMENTAL RESULTS

The proposed ThermPOF algorithm has been implemented
in MATLAB 7.0 and tested on a quad-core microprocessor
architecture as shown in Fig. 1 from our industry partner Intel
Corp. We first extracted the transfer function matrix of the
system through a training data set, which consists of the step
responses for each core from other cores. After generation of
the transfer functions, we could validate our models by com-
puting the thermal responses from other non-training power
inputs and compare them with known responses.

Our experimental data contain each core’s temperatures mea-
sured directly from the center of the dies as we introduced in
Section II, which are provided by Intel. At the beginning all the
cores are in zero state and have an initial ambient temperature
35 C.

We verify the correctness of our model based on two sets of
given thermal data from Intel. First, from each core is
excited by a step power input of 20 W simultaneously, and the
temperature of each core is collected from 0 to 1000 s. For each

transfer function, we set the order to 50. This is already enough
for our model. In practice, temperature on each core or cache can
be computed very fast by our model during any time interval as
our model is directly based on the transfer function represented
by poles and residues instead of state space equations.

We remark that in reality we cannot turn the cores to zero
power. For the purposes of the simulations, we turned on and off
cores and cache, respectively, so we can quantify or capture the
influences. The power traces used are realistic for the workloads
and the on/off scenario for different cores is not.

The results of core0 and cache are shown in Figs. 12 and 13
under the normal linear time scale and the log scale, respec-
tively. The solid curve represents the measured temperature and
the dotted line represents our computed temperature. The sim-
ulation runs very fast and costs only few seconds. From these
figures, we can see that our models have very good accuracy.
Actually, the temperatures of other cores match as well as shown
in Tables I and II.

Table I shows the temperatures when all the cores achieve
the steady state and the error differences in percentage. The
difference is only around 0.2%. Furthermore, Table II shows
some statistical features of the differences over all the sampling
time points, including the maximums, the means, and the stan-
dard deviations. Also, the maximum and average percentages
are given. From this table we can see that the maximum differ-
ence is less than 0.5 C and 1% and the average difference is
less than 0.3 C and 0.3% for all the cores.

Now we test on the second set of thermal benchmarks also
from Intel. The temperature on every core is driven to an initial
state by a power of 10 W on each of the cores for 1000 s. Then
we start to apply a number of random power input traces as
shown in Fig. 14(a), where the step power is 20 W for all the
cores.

We verify the correctness of our model from 0 s to 1 s based on
the given thermal data from Intel. During that time, power inputs
stay the same in each time step of 0.1 s. In practice, temperature
on each core can be computed very fast by our model during
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Fig. 15. Thermal simulation results on given power input traces. (a) Core1’s temperature. (b) Core2’s temperature.

Fig. 16. Thermal simulation results on given power input traces. (a) Core3’s temperature. (b) Cache’s temperature.

TABLE III
MAXIMAL AND MINIMUM ERROR PEAKS �� � ���

any time interval, as the computation complexity in our model
is only by using recursive convolution, where is the
number of time steps and is the order of the reduced models.

Our simulation results for all cores are shown in Figs. 14(b),
15, and 16. The simulation runs very fast and costs only few sec-
onds. From the figures, we can see that all the peak temperatures
(both the maximum and the minimum) of each core during the
whole time interval match well between the models and given
measured data. The temperature errors are less than 1 C, as
shown in Table III.

The errors (absolute values) between the original and our
computed model are shown in Table IV, including the maxi-
mums, the means, and the standard deviations. The maximal er-
rors of core0, core1, core2, and cache are around 1 C or less
than 2 C at the most. The maximal error of core3 is a little bit
larger, which occurred during the time interval 0.5 s–0.6 s, but
the standard deviations of the errors of all cores show that the
temperature variations on average are less than 1 C. Note that
all the errors here are the absolute values of measured tempera-
tures minus our computed temperatures.
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TABLE IV
STATISTICS OF THE ERRORS BETWEEN MEASURED

AND COMPUTED TEMPERATURES �� � ���

TABLE V
MAXIMAL AND MINIMUM ERROR PEAKS AND MEANS �� � ���

TABLE VI
SPEEDUP WHEN� � �� COMPARED TO� � ��

Further, we show the speedup gained in the simulation by
the model reduction techniques presented in Section V. In our
experiments, we first set the order . After reduction, the
order is reduced to without loss of accuracy. All the
errors are less than 2% compared to the exact ones, as shown
in Table V. We know that simulation running time ,
is the size or order of the model. So from order 50 to 30, we
can approximately reduce 40% simulation time, as shown in
Table VI. We also set up order at first, but the reduced
order is still 30 if we want to maintain the same high accuracy.

VII. CONCLUSION

In this paper, we have proposed a new architecture level
thermal behavioral modeling method. The new method,
ThermPOF, builds the thermal behavioral models by using
transfer function matrix from the measured or simulated ar-
chitecture thermal and power information. We applied the
generalized pencil-of-function (GPOF) method to construct
the impulse response/transfer functions. To effectively model
the transient temperature changes, we have proposed two
new schemes to improve the GPOF. First we applied the
logarithmic-scale sampling instead of the traditional linear
sampling to better capture the temperature changing charac-
teristics. Second, we modified the extracted thermal impulse
response such that the extracted poles from GPOF are guaran-
teed to be stable without accuracy loss. We further reduce the
generated thermal models by perform model order reduction
using a Krylov subspace method, which leads to more efficiency
in the simulation of the reduced models. Experimental results
on a real quad-core microprocessor have demonstrated that the
generated thermal behavioral models match the given data very

well. The proposed method is a general black-box modeling
approach and can be easily applied to thermal modeling of
VLSI circuits at different granularities.
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