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Abstract— As power density increases exponentially, runtime leads to slower transistor speed, more leakage power cgrisum
regulation of operating temperature by dynamic thermal man  tion, higher interconnect resistance, and reduced rétiali
agements becomes necessary. This paper proposes two novek pajieved that prompt real-time regulation of on-chip tem

approaches to the thermal analysis at the chip architecturdevel . . .
for efficient dynamic thermal management. The first method, PErature by dynamic thermal management (DTM) is required

TMMSpectrum, is based on the observations that the power for today’s high-performance microprocessor and embedded
consumption of architecture level modules in microprocesss systems [3], [21].

running typical workloads presents strong nature of periodcity. The basic idea of DTM is to dynamically reduce the
Such a feature can be exploited by fast spectrum analysis in temperature of some hot units (spots) in a chip via a suite of

frequency domain for computing steady state response. The . o . . . .
second method, TMMPWC, is based on the observation that techniques such as activity migration, local toggling, aiyic

average power consumption of architecture level modules in Voltage/frequency scaling [3], [21]. Architecture leveétmal
microprocessors running typical workloads determines therend ~ behavior cannot be seen at circuit or gate level at desiga tim

of temperature variations. As a result, we can further speed since different workloads generate different thermal pesfi
up the thermal analysis by using piecewise constant average performing DTM at architecture level is advantageous in tha

power inputs. To obtain the transient temperature changes de to it t th fi behavi f th d
initial condition and constant/average power inputs, numecally It can capture the run-ime behavior o € program, an

stable moment matching methods with enhanced pole searchgn duickly adapt to different features within or across diéfier
methods is carried out to speed up on-line temperature trackhg  programs. Further, recent studies show that architecave |

with high accuracy and low overhead. The resulting thermal thermal managements at small performance degradation cost

analysis algorithm has linear time complexity in run-time tting iy Aifi ; ; ;
when average power inputs are applied. Experimental resu$t ?;n;éggiffzsn;g [rg]dlf;i]th[;;]a(:kagmg costs typicallygfed

show that the resulting thermal analysis algorithms lead to10x- - .
100x speedup over the traditional integration-based tranignt One of the most critical aspects of thermal modeling and

analysis with small accuracy loss. simulation for DTM is to efficiently capture the temperature
Index Terms— Thermal analysis, temperature tracking, dy- changes du_e to the_va_riations of the _povx_/erconsump_tion dause
namic thermal management. moment matching, model order Py the runtime variation of an application or the differesice
reduction. across different applications at chip architecture lef2alM
performed at run-time requires accurate real-time sensfng
temperature for each functional blocks. Previous research
relies on thermal diode-based sensor for on-line tempeeratu

As current IC technology enters nanometer regime, eftacking, which renders imprecision, delay and space @agth
tremely high package density and operating frequency wifr hardware implementation [3], [8], [11]. These sensdses
lead to drastic increase of power density. The exponentfgluld degrade DTM performance significantly due to conser-
power density increase will in turn lead to average chiyative triggering of DTM [21]. One viable alternative sart
temperature to raise rapidly [2]. Furthermore, local haitsp t0 this problem is to use fast on-chip thermal estimation
which have much higher power densities than the averad@¢hnique in software form to complement or even replace
make local temperature even higher. the thermal sensors for effective DTM application.

Higher temperature has significant adverse impacts on chign this paper, we propose fast transient thermal simulation
performance and re||ab|||ty Excessive On-chip tempemtualgorithms at architecture level for fast dynamiC monitor-

ing and thermal management. We present two algorithms
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I. INTRODUCTION



are mainly different in how the power inputs are modeled
and handled. Experimental results show that the resulting
thermal analysis algorithms lead to at least 10x-100x speed
over traditional integration-based transient analysi wimall oz2f
accuracy loss [21], [22]. 0al
The rest of the paper is organized as follows: Section Il
reviews existing thermal analysis algorithms, especititse g
at architecture level. Then we present the rationale battimel 1
new thermal analysis methods. Section 11l briefly mentidmes t 02al]
architecture thermal modeling in [22], and our modification
of the architecture as opposed to [22]. In section IV, we first
describe basic computation steps in the proposed methods. o2r
Then we present the two proposed thermal analysis methods ossl i . = . =
TMMSpectrum and TMMPWC. Section V shows how the Time (seconds)
proposed method can be applied to on-chip dynamic thern?:%ll 1
management. Section VI present the theoretical time com-
plexity analysis. The experimental results are summargret
compared to SPICE-like simulator in section VII to validate

our method. The conclusion and future works are presentedf , : )
lating microprocessor operating temperature for repitasien

Periodic Power Trace of a Int Register in Lucas

The power trace of an integer register unideas benchmark.

ped to exploit and study different DTM techniques in regu-

section VIII. : _
benchmark programs. HotSpot provides an accurate arehitec
ture level thermal modeling based on equivalent thermauiir
Il. THERMAL ANALYSIS ALGORITHM REVIEWS AND of thermal resistances and capacitances that correspdhe to
RATIONALES FOR THENEW ALGORITHMS micro-architecture blocks and essential aspects of pangag

Many previous research works have been concentrafe@MmpPonent-wise temperatures are derived from the power
on thermal modeling and simulation at the circuit or gatgonsumptions generated by power simulations.
level [5]. Due to the large volume of thermal components However, the efficiency of the HotSpot method for eval-
and power sources at full circuit or gate level, differengating different DTM techniques depends on the execution
schemes were proposed to increase the efficiency of therriale of transient thermal simulation throughout the progra
circuit simulation. Those schemes can be roughly classifiegecution. HotSpot models the thermal behaviors basedeon th
into two categories. The first type of methods are based eguivalent thermal circuit which consists of thermal rests
the discretization on differential operators (finite defere and capacitors. It uses conventional integration-basedient
method) or the field quality (finite element method). Exarapléimulation conducted at each execution interval in ordeyeto
are [24], [25], where the entire chip is discretized, andibat the whole temperature profile. When a program is loaded into
transfer equation in partial differential form is solvedfinite HotSpot, its power consumption is first obtained at regular
difference or finite element method. The main drawback éftervals. Then, temperature at every interval is caledlat
those methods is the huge sizes of the resulting thermaiitsrc taking the temperature at the last interval and power values
due to volume meshing. Different techniques were proposatithe past few intervals. To obtain the temperature aticerta
to solve with the extremely large thermal circuit, such asl ADunning point of the program, all the previous temperature
in [25], and model order reduction in [24]. The second typeoints should be generated since every point depends on its
of methods are based on Green function method [23], [26}evious points. For a modern benchmark program which has
which provides a faster yet less accurate thermal simulatitens to hundreds of billions of instructions, this method is
than the above methods due to the simplified two dimensioruit suitable for runtime temperature monitoring since it wi
modeling of the thermal problem. bring significant performance and thermal overhead asexudi

Although many efficient algorithms have been proposéd [11]. In other words, traditional integration-based rerial
for circuit or gate level thermal analysis, less attentias htechniques are not suitable for fast run time thermal estima
been paid to thermal modeling and simulation at the chip-Our first thermal analysis method, TMMSpectrum, is in-
architecture level. Architecture level thermal behavi@nc spired by recent discoveries in the runtime behavior of pro-
not be seen at circuit or gate level at design time singgams over long periods of time. It has been shown that most
different workloads generate different thermal profilesr-P program behavior is not random and actually presents strong
forming DTM at the architecture level is advantageous iperiodic patterns due to the existence of looppluaseq18]—
that it can capture the run-time behavior of the program, af@2D]. Many programs execute as a seriespbfaseswhich
quickly adapt to different features within or across diffier characterizes certain program behavior at different tireash
programs. Further, recent studies show that architecawed | phase may be very different from the others, while having a
thermal managements at small performance degradation dagly homogeneous and periodic behavior within itself.isTh
can significantly reduce the packaging costs typicallygiesil also reflects a periodic nature of each computation unitts ou
for worst cases [9], [21], [22]. An architecture level thedm put power consumption. Fig. 1 shows a snapshot of a typical
modeling and simulation tool called HotSpot [21] was devepower trace of an integer register running under program



Lucas over 14 time periods in SPEC CPU 2000 suite [1kapacitance through which the heat is absorbed. Based on
Each period contains about 20 power values collected ovwbese observations, an equivalent thermal RC circuit wall b
0.2 million-instruction interval. This trace was obtainiedm derived and solved in dealing with thermal issues.
simulating a 3GHz processor and thus, each period trasslateln the circuit level thermal RC circuit modeling, volume
to ~0.06ms and the entire trace represeft84ms of program meshing is used to discretize the entire circuit structure,
execution. As we can see, there exists very strong pertgdicand the finite difference or finite element method is used to
even in this short amount of time. discretize equations(1). The resulting RC circuit is tgtic
TMMSpectrum exploits such periodic power traces of martyjuge. At the architecture level, however, due to the limited
hot modules at the architecture level to speed up the transieomponents at floor-plan and unknown details of physical
thermal simulation. For instance, the integer register iile implementation, the corresponding RC model is compact, and
typically the hottest module for most benchmarks [22]. Ouhe accurate extraction of thermal resistance and capaeita
proposed new algorithm is based on the fact that the transiéncritical to the application of thermal analysis.
behavior of the linear thermal system is the sum of the zero-
input natural response and zero-state forced response. We

IntReg1 - Integl0

FPMap

applied two efficient algorithms to compute the two respsnse e L

(1) for periodic power trace input, frequency domain speuotr
analysis is performed to calculate the steady-state regpon Lasio

(2) for transient behaviors of temperature, moment matchin N
technique is used with the consideration of the initial egat smed P

and the DC input values computed in the first step. Since o poache?

the analysis is performed in pure frequency domain and the
resulting system transient response is in an analyticaleclo
form expression in terms of time, the run time has been
improved significantly.

To further improve the accuracy of our temperature simu-
lation results over a long time for general power inputs, we
propose the second fast thermal simulation algorithm, TMM-
PWC, which is more suitable for on-line thermal trackingeTh
method is based on the observation that the average powefigh2. Modified architecture of Compaq Alpha 21364.
a certain amount of time determines the trend of temperature
variations. This is especially true for power inputs withryve
large DC components and smaller high-frequency harmonics
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as we see in typically power inputs of hot modules. As a result
we can partition the simulation intervals into several rivags H ﬂ ﬂ H ﬂ :
(pieces) and each interval is simulated sequentially baséts :
start and end times. By selecting appropriate intervaltleng Heat  sink

we can capture the DC component change of the power trace | Heal _Spreader ‘

R R A Thermal Interface Material ‘_ _
over a long time without much overhead. Since the poles of thesrags [~ Acive ~Siicon Die _Avea
thermal circuits can be pre-computed off-line or at theiahit PCB  Board
stage, only the changing moments are computed on-line in the

run time, which leads to linear-time thermal analysis méthg:ig. 3. Modern chip packaging structure and equivalent Reuitimodeling.
in the on-line setting.

In this paper, we follow thermal modeling method at the

I1l. ARCHITECTURELEVEL THERMAL MODELING architectural level thermal in [9], where a fairly accurate
Generally speaking, the heat transfer phenomena is g@\g_uival_ent RC model, which is verified b)_/ other c_ommercial
ered by the following differential equation [5]: tools, is developed from the floor-plan information. For a
. modern chip with CBGA packaging, heat sinks and cooling
pcpaT(T’t) = [k(7,T) - VT (7 t)] +g(Ft) (1) Systems as shown in Fig. 3, there exists two main heat

ot conduction paths, where the heat generated by active rsilico

whereT'(K) is the temperaturey(K g/m?) is the density of die area can flow either through the convective ambient air, o
the material,C,(J/m3-K) is the specific heats(W/m-K) is the printed-circuit board. The primary RC circuit lies ineth
the thermal conductivity, ang(W/m?) is the heat energy silicon die area, where the floor-plan information is predd
generation rate. The heat flow described by this differénti®m obtain the equivalent thermal resistance and capae&itanc
equation has the similar format as that for electrical atre The floor-plan example we used in this paper is depicted
and there is a well-known duality between them. The hemt Fig. 2. The difference between our floor-plan model and
flow passing through a thermal resistor is equivalent to tllee one in [22] is that we divide some critical computing
electrical current, and the temperature difference cpmeds components, such as Integer Register (IntReg) and Floating
to the voltage difference. There is also the thermal-edgita Point Register(FPReg), into more detailed pieces so tha¢ mo



accurate temperature variation could be obtained in these __ Power Spectrum of Input Power Trace at Integer Register
temperature-critical components used during DTM. As shown “~bc Component
in Fig. 2, the thermal resistance between two adjacent nesdul ok
are determined by the common border length shared by
them. Spreading/constriction resistances are also cemsid
as in [12]. Each unit has a thermal capacitance to the thermal
ground, which is determined by individual unit’s area. And a
scaling factor is needed to bridge the gap between thisesingl
lumped capacitance and a distributed one. Besides thesactiv
die area, there are two additional heat spreader and héat sin
layers lie underneath it. More component units are develope - ° ° %
in the model corresponding to these two layers, but without o o
active power sources for each component as appeared in the R T m T Ty v
active die area. Frequency (MHz) ot
Finally, in modeling the package to air interface, an equiv-
alent convection resistancB..nyection IS assigned, and af9
sustained power source is attached between the thermaidjrou

(temperature of ambient air) and the package bottom. Galibr

tion of this resulting model parameters is done as in [22], that th i ¢ i i iodi
provide a convergent results as compared to other comnher gre that the practice power fraces are not exact periodic
ver long time. But typically in a given phase (short time

tools, as well as a good distribution of benchmarks behavid? | h b diff iod I
in the final experimental results. The thermal circuit rsétli interval), changes between different periods are so smal

is stamped into matrix representation, and processed in fH@t_"?‘pme'ma“”g them as periodic inputs W'” not cause
circuit simulation phase discussed in Section IV. significant errors. As a result, Eq.(3) can be written as

Power Spectrum (W(log))

. 4. The power spectrum of an integer register file in Lysasgram.

d T is the time of the period in power inputs. We stress

IV. NEW ALGORITHM FOR FAST TRANSIENT THERMAL x(t) = et7t0)xg 4 * At~ drBuy + teA“*ﬂBug(T)dT. (5)
SIMULATION ‘o ‘o

In this section, we first present the algorithm preliminary i i . )
subsection IV-A. Then we present the basic steps used in thd!oW the first two terms on the right-hand side are only
two methods in subsections IV-B, IV-C and IV-D respectivelfunctions of the initial condition and the DC inputs of power
After this we present the outlines of TMMSpectrum antface. The third response of the circuit is stimulated byquie

TMMPWC methods in subsections IV-E and IV-F respectivelf?OWer inputs. _ _ o
The main idea of this work is to efficiently compute the

first two responses by using moment matching method and
the third periodic response by using fast spectrum analysis
method in frequency domain to exploit the periodic patterns
x = Ax + Bu, (2) of power inputs. In the next two subsections, we present how

, . ) ] _ the first two items are computed using the improved moment
where A is the system matrix an@& is the input selection matching method.

matrix. x andu are the state variable and input vectors. The 54 way to improve the simulation efficiency is to perform

complete response is the sum of the zero-input response ghighe| order reduction (MOR) on the thermal circuits and
the zero-state response starting from timeas shown in- ginjate the circuits using the reduced models. However the
Eq.(3). projection based MOR methods is not suitable for circuithwi
¢ many input and outputs like thermal and power grid circuits.
_ A(t—to) A(t—7) ; _
x(t) =e %o + /t € Bu(r)dr. () Onereason is that MOR need to compute the transfer functions
o

. . . . between all the terminals. The number of transfer functiens
The first term on the right-hand side is the zero-input respon

- e "~ n?%, wheren is the number of terminals. In other words, we
due to the initial condition and the second term on the rig i "

. i rWeed to compute moment series at each node.
hand side is the zero-state response due to input souftes
only. For our problem, we only need to compute one moment

. . series (due to the initial conditions at all the nodes) inheac
Our spectrum analysis of the typical power trace of ma

ny i
. . ode as we do not need to compute all transfer functions
architecture modules shows that most of energy in the power

L Xgor admittances in the reduced admittance matrix). Also to
trace concentrates on the DC as shown in Fig. 4 (Y axiS : . .
overcome the numerical issue of the direct moment match

is plotted in logarithm scale). As a result, we partition the L :
: : method, a subspace projection method is used to compute the
power traceu(t) into two partsu; and ua(t). uy is the T : . .
. ) .. poles, which is to be discussed in Subsection IV-C. But we can
DC component of the power input anth(t) is the periodic . . )
. do this by computing one transfer function as poles are ghare
component of the power input where . ) o
by all the transfer functions. So the moment information is

uz(t+ T) = ua(t), (4) sufficient for the pole computation in the projection method

A. Algorithm Preliminary
For a general dynamic system



B. Moment Matching Considering Initial Condition and DC

Inputs —(k1+k2+"'+/€q)—m0—x0
. o . ) —(ﬁ+k—2+---+—q)=m1

For the equivalent thermal circuits with thermal resiseomd pr o P2 Pq (12)
capacitors and power trace inputs, we use can use Modified :
Nodal Analysis to formulate the thermal circuit: _(pih n pzlfﬁl NI pzlfjil) = Mag_1

1 2 q
Gx + Cx = Buy, (6) wherep;, and k; are theith pole and residue in the partial

here we only consider the DC component of power tradgaction form of the response at node
uy (t). C andG are capacitive and conductive circuit matrices, 1 k1 ) 13
x is the vector of node temperature, is the vector of wi(s) = St s—p1 | 5—ps T (13)

mdependent power: sources, all is the input select_lon Classic AWE method [16] computes the poles and residues
matrix. In frequ_ency domain, the _Laplace transformation %firectly from the moments at each node. Specifically AWE
the state equation (6) can be rewritten as first computes the poles by writingz; (s) into the following

1 i :
GX(s) + sCX(s) — CXo = ;Bul- @ polynomial form

1 ag—187" 1+ .. +ais+ ag
Ti(s) = —mo +
1(s) s 0 bgs?+ ...+ bis+1

whereXg is the initial condition att = 0.

In the traditional asymptotic waveform evaluation (AWE) L )
based moment matching method [16], all transfer 1‘uncti0nsaf'd then equaling it witlz (s) in the moment form
the admittances in the reduced admittance matrices) betwee
designated sources or ports are computed. As a result,
moment series have to be computed for each node foput  Then we can obtaip equations to solve for the coefficients
sources as each source stimulates a moment vector at everyp, of the ¢'" order denominator polynomial. Once we
other node. In our problem, we only compute one momekhow the denominator polynomial, it roots are the poles
series at each node as we only consider the response frplm,,,pq and are found by any rooting finding numerical
the initial conditions and constant DC power inputs at athethod. Once the poles are known, it uses (12) (using only
the nodes. As a result, the computation costs of the propogeguations ) to solve for theresidues. We repeat the process

1
x(s) = ;mo +my +mas—+ ...+ m2q32q_1

method is not related to the number of sources. to compute the residues and poles for all other nodes as we
Specifically, letX(s) = sX(s), then the above equationobtain the moments at all the nodes in (10). However, AWE
becomes to method suffers the numerical problems as high order moments
- - ically | he | le inf i ickl
GX(s) + sCX(s) = sCXo + Bus ®) numerically lose the large pole information very quickly as

shown in (12) where moments are inverse power function of
We then expand th&(s) using Taylor's series at = 0, to  Poles.

have Instead we propose a more numerical stable method to
compute the poles, which is based on the subspace projection
based method as shown in next subsection. After the poles
are computed, all the residués are still computed using
We then obtain the recursive moment computation formudaequations from Eq.(12). The time domain responses are

G(mo + mis + mas? + ...) +sC(mo + mis + mas? + )
= sCXp + Bu; 9)

as follows: trivially obtained by taking inverse Laplace transforroatiof
my = G~ 'Buy x1(s). Note also that since the transient responses start with
m; = -G~ 'C(my — Xo) an initial condition, the initial conditions need to exjilig be
m; = -G~ 'Cmy (10) enforced as shown in the first equation in Eq.(12).

Since most of the power energy is in the DC inputs, the
response computed by moment matching can be close to the
exact response, and the spectrum analysis solution typical
adds small transient changes in the node temperature as

After all the moments are computed, the response at eagiiserved by our experiments.
node can be written as

-1
mo, = -G Cmgq_l

C. Numerically Stable Estimation of Poles by the Projection
Based Model Reduction

Traditional moment matching method [17] may produce
The first term on the right-hand side is a step response unreliable poles (positive poles) when computing (13) from
time domain and the rest of the moments then are used to fifid) due to numerical problems. A better way of finding poles
the rational approximation via Padgpproximation. In order is by projection based model order reduction, where moments
to find aq” order Pad approximation, the firseg moments are orthonormalized and are used to build a projection matri
are needed. Then we obtay moment matching equationsThe projection matrix then is used to reduce the origina&iuiir

of the response at node matrix by congruence transformation, which can ensure that

1
X(s) = gm0+m1+sm2+82m3+- 52 my . (10)



the reduced system is passive (thus stable) [6]. Also bygusiwhere w;,7 = 1...k are the harmonic frequencied,(w) is

this method, we only requirg moments to find; poles. the MNA matrix stamped with these thermal elements at fre-
Specifically, we obtain the firsi moment vectors through quencyw. X(w) is the temperature vector at each component

(10). Then we form the followingV x ¢ matrix where each at frequencyw, andP(w) is the computed harmonics of the

moment vector is a column. power input vector from DFT.
By this transformation, the computational cost can be re-
M = [mgy,my, - ,mq_l]NXq (14) duced significantly especially for the long cycle simulatio

grhe reason is that we only compute the stead state using

whereq < N, and N is the number of temperature variable iod and th b £ MNA ) d d
(nodes) in the thermal circuit and also the dimension of yne period and the number o equations depends on

moment vectors. Then we orthonormalizé into a N x ¢ only the number of sampling points. If the faster simulation
projection matrixV such that columns i/ are mutually is required, we can reduce the sampling frequency to speed
orthogonal, i.exv; = 6,1 # j. Such an orthogonalizationUp the calculation at the cost of more accuracy loss. But at
process can be (a]asily”éarried out by usiBgam-Schmidt the same time we make sure that the sampling rate should
method or other numerically stable processes like Arnol f‘t'Sfy the Shannon’s samp!lng theorgm. Finally we cc_)nvert
methods [7]. Once we obtain the projection matki the the frequency response to time domain responses by inverse

original circuit matrixG andC in (6) can be reduced to two discrete Fourier transformation.

g% q order reduced matrices by thengruence transformation Note that the final steady.state temperature W'” be the.
temperature we computed using spectrum analysis and envi-

G=v'Ggv, Cc=vTcv (15) ronmental temperature, which is treated as the groundgelta

After this reduction process, the eigenvalues of magtix' ¢ In our equivalent thermal circuits.
will be related to the dominant poles we are looking for as:
1 E. TMMSpectrum Method

pi=— (16) In this subsection, we present the flow of the TMMSPectrum

wherep; and \; are theith pole and eigenvalue. This canmethod.

be easily obtained by performing the eigen-decomposition 0 TMMSPECTRUMALGORITHM

G~1C. Once all the poles are computed, we then compute 1. Compute the poles (using the steps in Subsection IV-C)

the residues at node using equations in (12). and residues based on the moment matching method in
We note that the orthonormalization process can also be Subsection IV-B.

carried out by more numerically stable methods like Arnoldi 2. Compute the steady response from periodic power

method with modified Gram-Schmidt and double orthog- inputs in Subsection IV-D

onalization, Lanczos method with modified Gram-Schmidihe actual temperature response is the sum of the zero-input
to further improve the numerical stability of the proposepes'Oonse (stage 1) and the zero-state response (stage 2).
method [4], [7]. 3 Since the solution from the spectrum analysis in frequency
The proposed method guarantees stability of the respongggnain is the steady state solution, which means it will leapp
as all the poles computed are stable pole (less than zeroininfinity time when system response becomes stable, it is
their real part) [10], [15] due to the nature of congruenqgss accurate for responsetat 0. But the difference is very
transform_atlop and_ the MNA formulation of the originalmg)| as energy in the periodic inputs are typically very kma
thermal circuit matrices. compared to the DC components. This has been observed and
verified by our experimental results.

D. Spectrum Analysis in Frequency Domain

In this _subsection, we discuss spectrum analysis m_ethﬁdTMMPWC Method
for periodic zero state steady response of the thermalitsrcu ) ]
under periodic input power traces. The basic idea is to trans I this subsection, we present the flow of the TMMSpectrum
form the input signals into frequency domains via discref8€thod.
Fourier transformation (DFT) and then compute the response TMMPWC ALGORITHM
of dominant Fourier coefficients or harmonics. The resgltin 1. Partition the time interval into many smaller intervals
response Fourier coefficients are then transformed back to based on the input power patterns.
time-domain to obtain the steady-state time responses. 2. Compute the average power inputs for each intervals.
In discrete Fourier transformation, if we samglepoints 3. Compute the poles (using step in Subsection IV-C)
in the time domain, we havé harmonics in the frequency and residues based on the moment matching method
domain. Then we solve for responses of each harmonics on in Subsection IV-B for each time intervals. The ending
the thermal circuits as shown below: responses of one interval will be the initial conditions for
the next interval.

A(wl)X(wl) = P(wl)

The final transient results are the simulated responsesdiom
A(w2)X(w2) = P(ws) P

(17) intervals for the whole time interval.
: In the run-time setting, the pole computation step in stage
A (wi)X(wg) = P(wg) 3 can be pre-computed in the initial stages and the equations



Eq.( 12) used to solve residues can also be LU decompoged« n) are required, the time complexity of TMMPWC can
in the initial stage. The resulting TMMPWC will be linear inbe approximated as:

terms of number nodes as shown Section VI.
0(N1-5)+O(qN*)+0(q2N)+0(qN)+0(2q3)+0(q3)+0(q2N)+0(q11vg))
V. APPLICATION TODYNAMIC THERMAL MANAGEMENT (

Our techniques have great benefits to performing DTM atwhere N'-% is the time complexity for LU decomposition
the architecture level. For instance, given an initial ther for a sparse matrix. The firstN* is the cost ofg forward
setting and the fact that a phase of the program is periodald backward substitutions for solviggnoments in (10) for
our technique can predict if the current phase will reach gparse matrices, wher€* is the number of non-zeros in the
critical temperature and if yes, how soon it will happen. §hul and U matrices, which typically a2V for sparse matrices.
before such a critical temperature is reached, effectiv®T ¢°N is the cost for the orthonormalization process. The next
such as dynamic voltage/frequency scaling, local toggtmgl ¢V term is the cost for the congruence transformation in (15).
activity migration can be carried to cool down the soon-o-t2¢* is the cost to get the inverse matrix of the reduced dense
hot modules preventing them from entering the temperatuftrix G and to perform the eigen-decomposition@fC.
critical stage. This can be easily computed using our pregposThe second;® is the cost for the LU decomposition of the
algorithms. In some situations, the DC component strippégsidue-solving matrix in (12). The secogdN term is the
periodic power trace only adds small distributions on theost for solving residues foN nodes using backward and
general transients of the temperature. The moment matchfagvard substitutions in (12). The last term is the cost to
responses can be used to give fairly accurate time estimatigompute the time domain response forlinodes in specific

Another important question of DTM is whether a prograriime point.
having long time of periodic behavior will ever reach a cati ~ Above we show the computation cost of the entire TMM-
temperature, i.e., what is the steady thermal state. Iftgwdy PWC process. However, the poles are thermal circuit infor-
state is well below a temperature threshold, then there is @tion, and therefore do not change with the power inputs.
need to perform DTM as long as the same periodicity holdEherefore, the poles only need to be computed once, and
Our moment matching algorithm can directly compute such &used for each following interval. Hence, the analysicess
asymptotic steady state from the very beginning of the peridor each interval only involves the computation of moments
producing fast and accurate prediction. On the other hdndand residues. Given the fact that we can reuse matrices
the steady state is very close to some critical temperatufe; ', and G='C in (10) and (12) in these processes, the
only the pure spectrum analysis is needed to find out tgerial processing of partitioned input power trace showd b
perturbations around the steady temperature. In that ca@entrollable, and linear to the number of intervals. Forheac
DTM is necessary whenever the temperature pulses surp@éerval, the computing cost of the temperature changesah r
the threshold. time can be written as

If there are several phases involved in the input power O(GN*) + O(¢2N) + O(¢N) (20)
traces, we can compute the responses for each phase using the

proposed methods and combine them to report the temperatyfgre ¢N* for computing the moments angf N' computes
profile as done in the TMMPWC method. the residues ang/N computes the time domain response at

specific time point. Notice that the time complexity become

linear in terms of the size of thermal circuits in run-time

temperature computation.

A. TMMSpectrum Method Notice that the time complexities of both analysis are
For thermal circuit withV nodes, if only a few moments independent of time intervals or number of time steps used

(¢ < n) are required, the time complexity of TMMSpectrunin the traditional integration based transient simulatiwhich

is about is the major advantage and speedup over traditional methods

O(TMMPWC) + O(kN*?) (18)

VI. TIME COMPLEXITY ANALYSIS

VIl. EXPERIMENTAL RESULTS

The proposed algorithm has been implemented in Matlab.
We use the modified Compaqg Alpha 21364 microarchitecture
in Fig. 2 for generating the power traces and equivalenhtiaér
models similar to that in [22]. To perform fairly comparison
we also implemented traditional integration based thermal
simulation method used in HotSpot in Matlab in order to
B. TMMPWC Method compare the accuracy and the speed difference between the
two approaches.

Since the TMMPWC will first be performed and the only
overhead here is the complexity of spectral analysis.!-?
is the cost of the spectrum analysis hrsampling points in
Eq.(17), andD(TMMPWC) is the cost of TMMPWC, which
will be analyzed next.

For TMMPWC, the time complexity analysis is more in-
volved. As pointed earlier, the major computation cost of
TMMPWC is the moment computation, the orthonormalize®- Results for TMMSpectrum
tion process for pole computation, and residue computation We evaluate our results using benchmarks from the SPEC
Still, for thermal circuit with N nodes, if only a few moments CPU 2000 suite [1]. We select 3 prograsst , Lucas, and



Wipwi se and run for 10 billion instructions and simulate the
periodical portions. Since the hottest unit is the integeister
file, we compute the temperature changes of one typicalenteg
register file as an example.

Table | summarizes the statistics of the three programs
and experimental parameters. Column #ll is the number of
instruction intervals, which is abouOus, Column#Sis the
number of samplings used in the spectrum analysis. Columns
CPU (HotSpotand CPU (TMMSpectrumare the CPU times
for the traditional simulation method used in HotSpot and ou
proposed method. The CPU time is in seconds. The simulatec
thermal circuit consists of about 166 nodes. Although the
thermal circuit is small, given the very long power inputciga
(billions of instruction cycles), the simulation time of t&pot
will still be long as shown in Table I. In the test cases, 6
poles are computed from projection based MOR method to

compute the transient response. We find 6 poles typically atig. 5.

good enough to give fairly good results.

TABLE |
PERFORMANCE EVALUATION OF TMMSPECTRUM ONSPEC CPU2000
PROGRAMS
Program #l1 #S | CPU (HotSpot) | CPU (TMMSpectrum)

Lucas 20000 | 18 183.74 0.78
Lucas 30000 | 18 219.43 0.77
Art 10000 | 614 72.23 15.67
Art 30000 | 614 242.49 15.55
Wupwise | 10000 | 24 66.31 1.11
Wupwise | 30000 | 24 515.02 1.10

From Table I, we can see that the proposed method have
10x to 100x speedup over the traditional simulation method.

Fig. 5 shows the transient temperature change comparisol
underLucas benchmark for about 20000 simulation points
where each point i8.3us. Fig. 6 shows the transient tem-
perature change comparison unéert benchmark for about

10000 points. Fig. 7 shows the transient temperature chan e6
g. 6.

derArt program.

underWipwi se benchmark. It can be seen that the resul
from our new algorithm match fairly well with the HotSpot
simulation results but with at least 10X shorter CPU time as
shown in Table I. Note that given longer simulation interval
the speedup will be further increased as the new method dos
not depend on the number of simulation intervals.

For the results shown in Fig. 7, we only use 6 poles to
compute the transient response at each node. However, we ce
reliably compute more poles via projection based method we
described in section IV-C. If we use more poles to represent t
system model, for example, 8 poles, the transient simulatio
results are better with respect to the responses from HotSpo
(especially when t increases), which is shown in Fig. 8.

To show the detail waveforms due to periodic power trace,
we enlarge Fig. 6, which is shown in Fig. 9. It can be seen
that the temperature indeed changes periodically oveirtie t
The HotSpot and the proposed new method match each othe
very well.

B. Results for TMMPWC

performed for extremely long power trace to avoid the error

Temperature (celsius degree)

Temperature (celsius degree)

Fig. 7.

Temperature Variation at One Floating Point Register underlucas Benchmark
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The temperature comparison between TMMSpectrumHst$pot
underLucas program.
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As mentioned earlier, proper interval partitioning sholé underWipw se program using 6 poles.



T Variati One | Regi d ise Bench k i
1365mperature ar‘latlon at ne‘nteger egls‘ter un erwup‘W|se enchmarsi TMMPWC On the Other hand, SPICE and HOtSpOt W|” run
the entire power trace interval-by-interval to derive thieole

1300 / temperature profile.
Table Il summarizes the statistics of these programs and

experimental results. Column 2 is the number of instruction
cycles. Columns 3 and 4 summarize the CPU times for
TMMPWC and Matlab-based SPICE, with speed-up ratio
listed in column 5. The last two columns give the average
T umSpectum ] and maximum errors of our algorithm compared to that given
— Hotspot by HotSpot for each benchmark program.

We notice that our algorithm achieves almost 100X speed-
up over SPICE. Considering the faster run time provided by
s o5 oo oo o5 o Linux workstation_for HotSpot, the actual run t_ime speed-up

Time (second) of TMMPWC (using Matlab) over HotSpot will be larger.
For accuracy evaluation, the average and maximum errors
Fig. 8. The temperature comparison between TMMSpectruindupoles) compared to HotSpot among all these 10 benchmarks are
and HotSpot undewipwi se program using 8 poles. only 0.13C and 0.37C, which provides a highly accurate
temperature prediction for on-line DTM application. Here
Tem‘peratur‘eVaria‘tion at?ne ImtegerR?gistert‘mderar‘t Benct:mark‘ we Changed the moment matching methOd to the prOjeCtion
8948 ] method described in section IV-C and in all the test cases, 7
: poles are computed for the transient response analysis.

To show the detailed waveforms comparison of TMMPWC
with HotSpot results, we pick a run-time window of the
temperature variation at Integer Register File under @nogr
gcc. Also, we didn't apply the spectrum analysis in this
experiment, because as mentioned earlier, in most cases the
dominant energy of the power trace is in its DC component,
and ignoring all the high frequencies will have very little
impact on the temperature change trend. Indeed, as iltadtra
in Fig. 11, each point calculated by TMMPWC matches very
grap o o 0y well with the corresponding temperature point in HotSpot
0.0155 0.016 0.0165 0.017 0.0175 0.018 0.0185 0.019 0.0195 0.02 .. .

Time (second) curve, and the level of precision will be more than enough
for most DTM techniques.
Fig. 9. The detailed periodic temperature comparison betwEMMSpec- We also study the effect of interval window sizes on
trum and HotSpot undeAr t program. the performance of TMMPWC. Fig. 10 depicts the run-
time, average and maximum errors for each TMMPWC run
under different window sizes. We select benchmark program
caused by average power drifting, otherwise the temperatyy,pwi se as an example. From the figure we can see, that
computed by the proposed method may have noticeable gz execution time will decrease rapidly with the incregsin
ferences from the ones given by HotSpot for very long pow@findow size. This is because of the decreased interval numbe
traces. The main reason is that the periodic power inputs maype calculated by TMMPWC. The maximum error from
change slowly over the time. As a result, the DC componentMPWC as compared to HotSpot will increase with a larger
may drift from the value we use for the moment matching findow size, which is due to a less accurate average power
¢t = 0. To resolve this problem, we can partition the simulatiogstimation within that period of time. However, the error
intervals into several intervals and each interval is sated s |ess than 09C for the maximum window size of 6000.
sequentially based on its start and end times. The goal haigg the average error almost stays the same for all window
is to make sure that the DC components from periodic powgges around only 0°C. Compared to a real temperature
trace drifts are very small so that the moment matching ntethgeyviation of 2C offered by temperature Sensor in previous
is accurate enough. For very long simulation times, infervayTm scheme [22], our new algorithm provides a viable and
by-interval simulation improves the simulation accuratyaa refiable on-line temperature estimation for DTM applioas.
small computing cost, as we analyzed in section VI.

We evaluate our results by running 10 benchmark programs
from SPEC CPU 2000 suite [1]. In our experiments, we
run all the benchmarks on a 3GHz processor, which yieldsin this paper, we proposed two efficient thermal analysis
0.33ns per cycle period. We sample each component’s outpaethods for the architecture level dynamic thermal moimitpr
power at 10K-cycle intervals, corresponding38us in each and management. The first method, TMMSpectrum, exploits
time interval. We first arbitrarily set the interval windowthe periodic patterns in power consumptions of the architec
size to be 1500 intervals to evaluate the performance widules in microprocessors and embedded high-performance
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TABLE Il

PERFORMANCE EVALUATION OFTMMPWC oN SPEC CPU2008ROGRAMS

Program | Ins. Cycles(billion) | CPU(TMMPWC)(s) | CPU(SPICE)(s)| Speed-up| Avg. Err.(°C) | Max. Er.CC)
gcc 28.5 55 4357 79 0.09 0.37
wupwise 56.3 126 8615 68 0.10 0.42
eon 27.3 55 4166 75 0.11 0.27
gzip 24 55 3669 66 0.11 0.30
bzip 55.7 116 8514 73 0.05 0.34
lucas 46.7 90 7131 79 0.16 0.53
mesa 20.0 42 3065 72 0.17 0.34
parser 30.7 67 4700 70 0.13 0.43
swim 11 23.6 1690 72 0.3 0.49
vortex 74.3 147 11360 77 0.074 0.27
Average - - - - 0.13 0.37

Analysis of TMM Performance at Different Window Sizes
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matching method with enhanced pole searching methods has
been carried out. The resulting fast thermal analysis dlyos
lead to 10x-100x speedup over traditional integratiorebdas
SPICE-like HotSpot transient simulation with small acayra
loss. TMMPWC in the run-time setting becomes linear in
terms of circuit sizes and is well suited for on-line thermal
estimation for the dynamic thermal management.

In the future, we will integrate our thermal simulation
engine with the DTM optimizer described in section V to
complete the architecture level DTM framework.
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