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ABSTRACT

As power density increases exponentially, run-time regula-
tion of operating temperature by dynamic thermal manage-
ment becomes imperative. This paper proposes a novel ap-
proach to real-time thermal estimation at chip level for ef-
ficient dynamic thermal management in lieu of the thermal
sensors, which are erroneous and having longer delays. Our
new approach is based on the observation that the average
power consumption of architecture level modules in micro-
processors running typical workloads determines the trend
of temperature variations. Such a feature can be exploited
by applying fast moment matching technique in frequency
domain. To obtain the transient temperature changes due
to initial condition and constant power input pattern, nu-
merically stable moment matching approach is carried out
to speed up on-line temperature tracking with high accu-
racy and low overhead. The resulting fast thermal analysis
algorithm has linear time complexity in run-time setting and
leads to about two orders of magnitude speed-up over tra-
ditional integration-based transient analysis. The average
maximum error under running typical benchmarks is only
about 0.37°C as compared to other well-accepted simula-
tion tools.

1. INTRODUCTION

As current IC technology enters nanometer realm, extrehigly
package density and operating frequency will lead to drakyiin-
crease of power density. The exponential power densityeass
will in turn cause average chip temperature to raise rapjlyFur-
thermore, local hot spots, which have much higher poweritdess
than the average, make local temperature even higher.

Higher temperature has significant adverse impacts on @rip p
formance and reliability. It is believed that prompt reiahé¢ reg-
ulation of on-chip temperature by dynamic thermal managegme
(DTM) is required for today’s high-performance micropreser
and embedded systems [3, 15].

The basic idea of DTM is to dynamically reduce the tempeeatur
of some hot units (spots) in a chip via a suite of techniqueh su
as activity migration, local toggling, dynamic voltagetjuency
scaling [3,15]. Performing DTM at architecture level is adta-
geous in that it can capture the run-time behavior of the naiog
and quickly adapt to different features within or acrossedént
programs.

One of the most critical aspects of thermal modeling and sim-
ulation for DTM is to efficiently capture the temperature whes
due to the variations of the power consumption caused by Tié D
techniques at chip architecture level. DTM performed attiome
requires accurate real-time sensing of temperature fdr faw-
tional blocks. Previous research relies on CMOS-basedosens
for on-line temperature tracking, which renders imprecisdelay
and space overhead for hardware implementation [3, 7, 1i0ds&
sensor noises could degrade DTM performance significaotytad
conservative triggering of DTM [15]. One viable alternataoluton
to this problem is to use fast on-chip thermal estimatiohnéue
in software form to replace the thermal sensors for effedii M
application.
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Although many efficient algorithms have been proposed fte ga
and circuit level thermal analysis [4, 17-20], less attamthas
been paid to thermal modeling and simulation at chip-aechitre
level. An architecture level thermal modeling and simwlatiool
called HotSpot [15] was developed to exploit and study cfie
DTM techniques in regulating microprocessor operatingptem
ature for representative benchmark programs. HotSpotigesv
an accurate architecture level thermal modeling based oivaq
lent circuit of thermal resistances and capacitances tra¢spond
to the micro-architecture blocks and essential aspectackgy-
ing. Component-wise temperatures are derived from the powe
consumptions generated by power simulations.

However, the efficiency of HotSpot for evaluating differ&itM
techniques depends on the execution time of transient tiesim-
ulation throughout the program execution. HotSpot useseron
tional integration-based transient simulation conduetieglach ex-
ecution interval in order to get the whole temperature profilo
obtain the temperature at certain running point of the Eagrall
the previous temperature points should be generated simg e
point depends on its previous points. For a modern benchmark
program which has tens to hundreds of billions of instrutidhis
method can lead to very long simulation time.

In this paper, we propose a fast run-time thermal simulation
algorithm at architecture level for effective dynamic theft man-
agement. Our idea is inspired by the observation that theagee
power in a certain amount of time determines the temperaaria-
tion trend. And this fact favors the application of frequgdomain
moment matching method in transient analysis, by whichithe t
domain performance can be characterized by a few domindes.po
Since the analysis is performed in pure frequency domairtlad
resulting system transient response is in an analyticakddorm
expression in terms of time, the execution time of tempeeatal-
culation can been improved significantly. In addition, tloéeg of
the thermal circuits can be pre-computed off-line or at thgall
stage, only the changing moments are computed in the run time
which leads to very fast linear time thermal analysis method

The rest of the paper is organized as follows: Section 2 griefl
mentions the architecture level thermal modeling in [1&ct®n 3
demonstrates the relationship between average power anebte
ature variation during thermal circuit simulation. In dent4,
we describe the entire flow of our fast algorithm with theioadt
analysis regarding to time efficiency. The experimentalltesare
summarized and compared to HotSpot and SPICE results in sec-
tion 5 to validate our method, with conclusions and futureksan
section 6.

2. ARCHITECTURELEVEL THERMAL MOD-
ELING

In circuit level thermal RC modeling, volume meshing is used
descretize the entire circuit structure, and finite diffeeor finite
element method is used [18, 19] to descretize partial diffeal
equation depicting thermal conducting phenomena. Thdtiegu
RC circuit is typically huge. At architecture level, howevdue
to the limited components at floor-plan and unknown detdils o
physical implementation, the corresponding RC model ispamt
and the accurate extraction of thermal resistance and itapee is
critical to the application of thermal analysis.

In this paper, we follow thermal modeling method at the archi
tectural level in [8], where a fairly accurate equivalent RGdel,
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Figure 1: Floor-plan of Compaq Alpha 21364

which is verified by other commercial tools, is developednfro
floor-plan information. For a modern chip with CBGA packagin
heat sinks and cooling systems, there exists two main healuce
tion paths, where the heat generated by active silicon dia ean
flow either through the convective ambient air, or the pdntécuit
board. The primary RC circuit lies in the silicon die areagnéthe
floor-plan information is provided to obtain the equivalémrmal
resistance and capacitance. The floor-plan example we nsbid i
paper is depicted in Fig 1. As shown in Fig. 1, the thermalsresi
tance between two adjacent modules are determined by thmeom
border length shared by them. Spreading/constrictiorstasies
are also considered as in [11]. Each unit has a thermal dapaei
to the thermal ground, which is determined by individualtsni
area. And a scaling factor is needed to bridge the gap betthéen
single-lumped capacitance and a distributed one. Bedigexctive
die area, there are two additional heat spreader and hé&dagars
lying underneath it. More component units are developedén t
model corresponding to these two layers, but without agioweer
sources for each component as appeared in the active die area

Finally, in modeling the package to air interface, an equiva
lent convection resistan@@:onvection IS assigned, and a sustained
power source is attached between the thermal ground (tertoper
of ambient air) and the bottom of the package. Calibratiothisf
resulting model parameters is done as in [16], to providenzem
gent results as compared to other commercial tools, as well a
good distribution of benchmark behaviors in the final experital
results. The thermal circuit netlist is stamped into mategre-
sentation, and processed in circuit simulation phase sigtliin
section 4.

3. AVERAGE POWERAND TEMPERATURE
VARIATION

Functional block’s temperature variation during run tisieaused
by the irregular power trace generated by each unit in the-fitam.
This power input is composed of the DC signal which detersiine
the global variation trend, and small AC disturbation addemind
that DC value for the oscillation of that trend. By perforgnfFT
on a typical input power trace pattern, our spectrum anakfsows
that most of the energy in the power trace concentrates obthe
component. High frequency components are normally at teast
orders of magnitude smaller than the DC component.

Since most of the power lies in DC inputs, we can calculate
the average power within a period of time to represent theepow
variation during that period. This averaged power valué¢ adt as
a constant DC input to thermal circuit, and the transienpoase
computed should be close to the exact response. In additioment
industry practices use counter register to compute onadiseage
power [7], which, as well, favors our scheme of using avepyeer
in predicting the temperature variation while on-the-flypobgram
execution.

4. FAST THERMAL ANALYSIS METHOD

In HotSpot, the transient temperature changes are compyted
solving thermal differential equations using numericaégration
method based on thpurth-order Runge-Kutta method, which
is similar to the method used by SPICE simulator. In this pape

we propose a new approach to compute the transient temperatu
changes based on frequency domain moment matching concept.
Moment matching concept was proposed for efficiently comgut

the transfer functions of RLC circuits for fast timing arsily of

VLSI interconnects [14]. The main idea of moment matching is
that the transient behaviors of a dynamic system can be aetyr
described by a few dominant poles of the systems. Those poles
can be efficiently computed by finding the leading momentsef t
variable respons& (s) at nodez excited by impulse input at the
input node in frequency domain.

In our problem, we apply moment matching algorithm for com-
puting the transient temperature responses under irgtighéerature
conditions and average power inputs for a given time intefMae
main cost of computing one moment is the same as solving tempe
ature at one time step in traditional integral-based method

4.1 Thermal Moment Matching (TMM) with
Initial .
Condition and DC Inputs
For the equivalent thermal circuits with thermal resistod aa-
pacitors and power trace input, we use can Modified Nodalysisl
to formulate the thermal circuit equation as:
Gx + Cx = Bu (1)
Here we only consider the DC component of power tra¢e).
C and G are capacitive and conductive circuit matricesis the
vector of node temperatureu is the vector of independent power
sources, and is the input selector matrix.X(0) is the initial
temperature value at each node. In frequency domain, thateap
transformation of the state equation (1) can be rewritten as

GX(s) + C(sX(s) — X(0)) %Bu )
Intraditional AWE based moment matching method [13], tfans

functions between designated sources or ports are compiéted

a result,n moment series have to be computed for each node for

n input sources as each source stimulates a moment vectartat ea

node. In our problem, we only compute one moment series &t eac

node as the response from the initial condition and conddét

power inputs are considered in the moment matching direégya

result, the computation costs of the proposed method isafatied

to the number of input sources.

Specifically, letX(s) = sX(s), then the above equation be-
comes:
GX(s) + sX(s) = sCX(0) + Bu (3)

We then expand thK(s) using Taylor’s series at = 0, to have

G(mo + mgs + mas? + ...) +sC(mo + mis + maos> + )
=sCX(0)+Bu (4)

We then obtain the recursive moment computation formula as
follows:

mo = G 'Bu

m; = —GflC(mo — X(O))

my; = -G 'Cm;

. (5)
ma; = —G 'Cmag_1

After all the moments are computed, the response at each node
can be written as

1 _
X(s) ;m0+m1+8m2+82m3+~~+82q "mog+. .. (6)

The first term on the right-hand side is a step response in time
domain and the rest of the moments then are used to find tbeaéti
approximation via Patlapproximation. In order to find@" order
Pad approximation, the firskg moments are needed. Then we



obtain2¢ moment matching equations:

—(k1+k2+~'~+kg):mo—X(0)
_(2_1+I;_§++ﬁ):m1

(7)

ok k k
—(p%q—LI + pgq%l + -+ piq%) = IM2g—1
wherep; andk; are theith pole and residue in the partial fraction
form of the response at node

1mo+L+£+... (8)

S S —p1 S — P2
For the entire moment matching flow, the poles are first coetploy
the projection-based method as shown in the next subse&fter
this, all the residueg; are computed using the firgtequations
from (7). The time domain responses are trivially obtaingd b
taking inverse Laplace transformation ©f(s). Note also that
since the transient responses start with an initial coolitihe
initial conditions need to be explicitly enforced as showthie first
equation in (7).

4.2 Finding Numerically Stable Poles and Residues

Traditional moment matching method [14] may produce unre-
liable poles (positive poles). A better way of finding poles i
by projection based model order reduction, where momems ar
orthonormalized and are used to build a projection matrihe T
projection matrix then is used to reduce the original cirougétrix
by congruence transformation, which can ensure that thecest
system is passive (thus stable) [5]. Also by using this ntiee
only requireq moments to findy poles.

Specifically, we obtain the firgsf moment vectors through (5).
Then we form the followingN x ¢ matrix where each moment
vector is a column.

M:[m07m17"'

(9)

whereq < N, and N is the number of temperature variables
(nodes) in the thermal circuit and also the dimension of thenent
vectors. Then we orthonormali2é into aN x g projection matrix

V such that columns i are mutually orthogonal, i.evfv; =

7mfI*1]N><q

on its start and end time. The end time will be the initial dtod

for the next segment TMM computation. The goal here is to make
sure that the the drifts from the DC components to the average
power is within a desired accuracy so that the moment majchin
method is accurate enough. Segment-by-segment simulatibon

be more accurate at only a small computing cost because tthigatu

of segment is limited, and the computation time of TMM for leac
segment is constant. We will illustrate the experimentaults

of this segmentation scheme on extremely long power trahes (
instruction cycles) in section 5.

5. EXPERIMENTAL RESULTS

The proposed algorithm TMM has been implemented in Matlab.
We use the floor-plan of Compag Alpha 21364 micro-architedtu
Fig 1 for generating the power traces and equivalent themmodkls
similar to that in [16]. In order to perform a fair comparisame
implement traditional SPICE-like integration based thalreimula-
tion method in Matlab for CPU time comparison. Since SPIC& an
HotSpot share the same computation mechanism, their ésrcut
time should be comparable. The accuracy comparison, haoyisve
conducted interms of the transient temperature results ffotSpot
and TMM for a better reference.
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0,1 # j. Suchanorthogonalization process can be easily carrtedou Figure 2: Temperature Comparison between TMM

by using Gram-Schmidt orthonormalization algorithm [6]. Once
we obtain the projection matrix, the original circuit matrbG and
Cin (1) can be reduced to twpx ¢ order reduced matrices by the
congruence transformation:

G=v'av, c=v'cv (10)
After this reduction process, the eigenvalues of magix' C will
be related to the dominant poles we are looking for as:

g = —— 11
p y (11)
wherep; and\; are theith pole and eigenvalue. This can be easily

obtained by performing the eigen-decompositiorGsf' €. Once
all the poles are computed, we then compute the residuesiatno
using equations in (7).

and HotSpot under gcc Benchmark

We evaluate our results by running 10 benchmark programs fro
SPEC CPU 2000 suite [1]. In our experiments, we run all theben
marks on a 3GHz processor, which yielll83ns per cycle period.
We sample each component’s output power at 10K-cycle iatgrv
corresponding t@®.3us in each time interval. As mentioned ear-
lier, proper segmentation should be performed for extrgriuelg
power trace to avoid the error caused by average powerrdyifti
We first arbitrarily set the segment window size to be 150€riratls
to evaluate the performance of TMM. On the other hand, SPICE
and HotSpot will run the entire power trace interval-byeinal to
derive the whole temperature profile.

Table 1 summarizes the statistics of these programs andiexpe
mental results. The simulated thermal circuit consists3ofigdes.
Although the circuit size is small, given the very long inpaiver

The proposed method guarantees Stabmty of the resporﬁes atrace (tens Of bi“ions Of inStruCtiOn CyCles), the Slmldattlme Of

all the poles computed are stable pole (less than zero in rebei
part) [9, 12] due to the nature of congruence transformation

4.3 Temperature Computation by Segmenta-
tion of Input
Power Trace
It can be foreseen that if the interval over which an averagesp
is obtained is increased, the temperature curve computdd/y
may have large deviations from the true temperature curdee T
main reason is that average power is calculated over anvaiter
that is too coarse-grained, losing local variation of the@o As a
result, the DC component we extracted may not accuratekyatefl
the temperature trend.
To resolve this problem, we can further partition the inkémto
several segments and each segment is simulated sequyeloaisdid

HotSpot/SPICE will still be long as shown in Table 1. We netic
that our algorithm achieves almost 100X speed-up over SPICE
Considering the faster run time provided by Linux workstatithe
actual run time speed-up of TMM over HotSpot will be largeor F
accuracy evaluation, the average and maximum errors ceupar
to HotSpot among all these 10 benchmarks are only°@1&nd
0.37°C, which provides a highly accurate temperature prediction
for on-line DTM application. In all the test cases, 7 poles ar
computed for the transient response analysis.

To show the detailed waveforms comparison of TMM with HotSpo
results, we pick a run-time window of temperature variatbmn-
teger Register File under progragac. As illustrated in Fig 2, each
point calculated by TMM matches very well with the corresgiog
temperature point in HotSpot curve.

We also study the effect of segment window sizes on the perfor
mance of TMM. Fig 3 depicts the run-time, average and maximum



Table 1: Performance Evaluation of TMM under Different Benchmarks

Program | Ins. Cycles(billion) | Exec. Time(s) | CPU(TMM)(s) | CPU(SPICE)(s) | Speed-up | Avg. Err.(°C) | Max. Err.(°C)
gce 285 9.49 55 4357 79 0.09 0.37
wupwise 56.3 18.76 126 8615 68 0.10 0.42
eon 27.3 9.07 55 4166 75 0.11 0.27
gzip 24 7.99 55 3669 66 0.11 0.30
bzip 55.7 18.55 116 8514 73 0.05 0.34
lucas 46.7 15.53 90 7131 79 0.16 0.53
mesa 20.0 6.68 42 3065 72 0.17 0.34
parser 30.7 10.24 67 4700 70 0.13 0.43
swim 11 3.68 23.6 1690 72 0.3 0.49
vortex 74.3 24.75 147 11360 7 0.074 0.27
Average - - - - - 0.13 0.37

errors for each TMM run under different window sizes. We sele [2]
benchmark programupwise as an example. From the figure we
can see, that the execution time will decrease rapidly vhighin- 3]
creasing window size. This is because of the decreased ségme
number to be calculated by TMM. The maximum error from TMM
as compared to HotSpot will increase with a larger windove siz [4]
which is due to a less accurate average power estimatiorinwith
that period of time. However, the error is less thar® @ 7or the (5]
maximum window size of 6000. And the average error almogssta
the same for all window sizes around only GC1 Compared to a
real temperature deviation of € offered by temperature sensor in
previous DTM scheme [16], our new algorithm provides a \gabl (6]
and reliable on-line temperature estimation for DTM apgdii@ns.
[7]
Analysis of TMM Performance at Different Window Sizes
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Figure 3: TMM Performance Evaluation under Dif-
ferent Window Sizes
(14]
6. CONCLUSIONS AND FUTURE WORKS [15]
In this paper, we proposed an efficient thermal analysisiigcie
suitable for run-time on-chip dynamic thermal managemétite
new approach exploits the effect of average input poweepatt [16]

on the temperature variation of architecture level modidesi-
croprocessors and embedded high-performance systemauv f

that the average power determines the global temperatuia va

tion trend. And based on this observation, we proposed to use [17]
numerically stable moment matching method, which consitles

initial conditions and DC power inputs, for computing trizms
temperature changes. The resulting fast thermal analygs a (18]
rithm has a linear time complexity in run-time setting and ahout
two orders of magnitude speed-up over traditional intégmalbased
SPICE/HotSpot transient simulation methods with smallisacy
loss. In the future, we will integrate our thermal simulatiEngine
with the DTM controller to complete the architecture level\d
framework.

(19]

[20]
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