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ABSTRACT

We analyze the effect of thermal constraints on the performance
and power of multi-core processors. We propose system-level power
and thermal models, and derive expressions for (a) the maximum
number of cores that can be activated, with and without throttling,
(b) the speedup (multi-core over single core), and the total power
consumption, both as functions of the number of active cores. These
expressions involve parameters like power per core, thermal resis-
tance of hottest die block and package, and leakage dependence
on temperature. We also computed the above metrics (a) and (b)
numerically by solving the detailed Hotspot circuit of an multi-
core processor driven by a block-level exponential temperature-
dependent leakage model. When compared to these numerical re-
sults, we found that the above expressions for (a) were at most 8%
underpredicted, while those for (b) were accurately predicted. The
proposed analytical approach is the first of its kind to relate metrics
of interest in multi-core processors to high-level design parame-
ters. Compared to numerical approaches, it provides much faster
computation time, and valuable insight for processor designers.
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1. INTRODUCTION

Multi-core processors and challenges. Technology scal-
ing continues to make more transistors available within the same
die area. Traditionally, these transistors made up a single process-
ing unit. With each technology generation, the processor’s per-
formance improved significantly as a result of scaling the clock
frequency. However, the cubic power-speed relationship and the
resulting thermal issues made this scaling strategy unsustainable.
This led processor designers to pursue alternate ways to utilize the
extra transistors to get more performance for the same power. They
found that by dividing the available transistors into multiple pro-
cessing cores, which were each clocked lower than a comparable
single-core processor, the total power consumption could be kept
roughly the same while allowing increased total performance, es-
pecially for multi-threaded workloads [1]. Today, increasing the
number of cores per die has become the new “scaling” strategy,
with quad-core processors already on the market and massively
multi-core architectures expected in the near future [2].

Multi-core processors however, present significant new challenges
to processor designers, especially in terms of performance-power-
thermal tradeoffs. As cooling and packaging technology does not
scale with device technology, they continue to limit the total power
consumption of a multi-core processor. This restriction on the power
per core could require the maximum clock frequency per core to be
reduced, which is detrimental to the performance of single-threaded
workloads. Existing multi-core processors use a fixed maximum
clock speed per core regardless of the number of active cores. This
strategy is unable to utilize the power slack when all cores are not
active. One solution that could be adopted in future multi-core
processors is to make the maximum clock frequency a function of
the number of active cores. For workloads with one or only a few
threads, a small number of cores could be turned on and operated at
large speeds. For more parallel workloads with many threads, more
cores would be active, but they would each have to run at smaller
speeds to meet the thermal constraints.

Amdahl’s law suggests that the performance speedup (multi-core
over single-core) of multi-threaded workloads does not scale lin-
early due to sequential code sections. But, the above discussion
suggests that even for totally parallel workloads, the speedup may
still not scale because of thermal constraints.! This then makes it
very important to understand the relationship between metrics like
speedup S, total power consumption P of a multi-core processor
and the number of active cores N,. It is also useful to quantify the

'We found that for sufficiently high power values, the speedup can
actually decrease when many cores are activated.



effect of design parameters like package thermal resistance, floor-
plan, leakage power per core, etc. on this relationship. Knowledge
of this relationship would allow making early design choices (e.g.
cooling technology, placement of hot blocks) that achieve a target
performance and power profile. It would be particularly insightful
if these relations S(N,) and P(N,) could be expressed analytically.

Need for system-level models. The nature of this relation-
ship is however, not well understood even for the dual and quad-
core processors on the market today. Designers mostly rely on pro-
jections obtained from detailed cycle-accurate power-performance-
thermal simulation. This approach is very time consuming even for
single-core processors, and is forbidding for multi-core processors.
While it is indispensable for micro-architectural studies, it provides
little analytical insight at the system level. Deriving closed form
expressions like those mentioned above necessitates using simple
power/performance/thermal models.

Researchers have proposed high-level models and used them to
obtain analytical results or heuristics for thermal management [3—
8]. However, most of these works did not address multi-core pro-
cessors and they all use very simple power/thermal models which
do not capture some or all of the following important effects: (a)
the variations of power-density over different chip blocks, which
leads to hotspots (see [9]), (b) leakage dependence on temperature
(LDT), which is significant for 65 nm and beyond (see [5,10]), and
(c) the contrast in the thermal response times of the die and pack-
age. For example, [3-7] use a single thermal resistance and capac-
itance (which cannot model (c)), while [3,4,6,7] modeled only the
full-chip power (which ignores (a)), and [4, 6—8] neglect (b).

Architectural-level power models like [5, 11] and thermal mod-
els like Hotspot [9] are able to accurately model these effects, but
they are better suited for simulation than analysis. For an N-core
processor, Hotspot presents a thermal RC circuit of order 20N+11.
Further, the power consumption (input to the RC circuit system), is
an exponential function of the die temperature (system state). To
obtain the power and temperature of the die, one then needs to solve
20N+11 coupled non-linear differential equations, which cannot be
done analytically even for N = 1. Hence, we need power/thermal
models that account for effects (a)—(c) with reasonable accuracy,
and scale easily for multi-core processors. Such models must also
be technology-independent so they can be used, for example, to ob-
tain performance projections for different processors in a technol-
ogy roadmap. They must be simple enough to not need numerical
methods. We propose models that meet these requirements.

Static and dynamic thermal management. Thermal man-
agement of processors has been studied mostly at the packaging
and micro-architecture levels. With the former, the goal is to de-
velop chip packages and cooling mechanisms that can safely dis-
sipate a predefined power budget (called the thermal design power
(TDP)) in the steady state. This design is inherently fixed; it is
based on steady state analysis and does not adapt to run-time vari-
ations in processor power.? If some (combinations of) workloads
consume more power than the TDP, the processor is dynamically
throttled to keep the chip temperature below a safe threshold. This
mechanism is called dynamic thermal management (DTM).
Micro-architectural studies like [9, 12, 13] have explored vari-
ous DTM techniques like feedback control, local vs global volt-
age/frequency control, etc. They try to adapt the throttling to the
time-varying processor workload to minimize the resulting perfor-

2Even variable speed cooling fans will have to operate at full speed
if power consumption reaches TDP.

mance loss. Our work forms a middle ground between these ap-
proaches and could be considered static thermal management. We
examine the effect of design parameters like the package thermal
resistance, leakage power per core, etc. on metrics of interest like
the (steady state) speedup and power consumption as a function of
number of active cores. In computing these metrics, we account
for both, the fixed relationship between power and temperature de-
termined by the packaging, and the control of power consumption
through processor throttling and turning off cores.

Main contributions. We studied existing detailed power [5]
and thermal [9] models, made many careful approximations, and
then extended them to a multi-core framework. The resulting sys-
tem level power and thermal models account for effects (a)—(c)
mentioned before, and yet, are simple enough to be analytically
tractable, even for large numbers of cores. Using these models,
we first developed a method to remove the circular dependency be-
tween leakage power and temperature. This allowed us to derive
closed form expressions for the steady state temperature of each
chip block and the package. We then derive the following expres-
sions: (1) the maximum number of cores that can be activated, both
with, and without throttling, in the steady state, (2) the steady state
speedup and total power as a function of the number of active cores.
The above expressions contain several parameters of interest to
a system designer like the static and dynamic power consump-
tion (for hottest block and for full chip), the vertical thermal resis-
tance of the hottest block, the leakage sensitivity to temperature, the
chip threshold temperature and the ambient temperature. We setup
a simulation framework to compute the steady-state speedup and
power of a multi-core processor using the low-level power and ther-
mal models from [5,9]. We then compared the resulting metrics to
that predicted by the proposed closed form expressions, and found
good agreement (worst case error: 8%). The proposed model accu-
rately accounts for the important power/thermal effects, but has the
advantage of analytical insight and faster computation speed.

2. SYSTEM MODEL

We model a multi-core processor as a set of N identical cores
on a die, with each core having M functional unit blocks. Like
Hotspot [9] we assume that each block has uniform power den-
sity over its die surface. Multi-core processors are often marketed
as offering up to N times greater throughput for jobs that can be
parallelized. However, we show that thermal limits can negatively
affect speedup, and cause the maximum speedup to be less than
N, even for completely parallel workloads. To demonstrate this
behavior, we assume our workload consists of identical indepen-
dent threads, with each active core of the processor executing one
thread. For such a workload, we define the speedup S(N,) as the
ratio of the throughput (total retired instructions per second over all
cores) achieved with N, active cores, to that with one active core.

As our interest is in steady state performance and power, aver-
age values are assumed for the instructions per clock cycle (IPC)
and power consumption of each job. Since the cores are identical
and execute identical threads, their steady state power and thermal
profiles would be approximately the same. Hence, we assume that
each active core is throttled by the same amount (global throttling
policy) to satisfy thermal constraints. We chose dynamic frequency
scaling (DFS) as the throttling mechanism, for which, the steady
state throughput and dynamic power per core are proportional to
the normalized clock speed s. As this is also true for most other
throttling mechanisms [13, 14] like clock duty ratio variation and
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Figure 1: High-level thermal model of a multi-core processor.

fetch throttling 3, the assumption of DFS is quite general. The nor-
malized clock speed s is assumed to be continuously variable from
a specified minimum speed s, to 1. As the amount of throttling
varies with the number of active cores, s is a function of N,. Fi-
nally, assuming that no throttling will be needed for N, = 1, the
speedup S when N, cores are active is given by Nys(N,).

Thermal model. We developed a high-level thermal model based
on the Hotspot thermal RC circuit model [15]. Hotspot uses an
analogy between electrical circuit phenomena and heat transfer phe-
nomena. It divides the processor die and package into multiple
blocks. The flow of heat between the blocks modeled through con-
necting thermal resistances, and the heat storage in the blocks by
thermal capacitances. The power consumed by each chip block
(which typically corresponds to a functional unit) is modeled by
a current source. The chip bottom connects to the package (mod-
eled with 10 blocks), which then connects to the convective cool-
ing mechanism (a single block). For a processor with 20 functional
blocks, the resulting thermal equivalent circuit is of order 20N + 11
(equals 171 for eight cores).

We analyzed the parameters of the Hotspot equivalent circuit for
the Alpha 21264 floorplan, and we found that: (1) The thermal
resistance Rqony and capacitance Ceony Of the cooling system are
much larger than that of the other units in the package. Hence, we
modeled the package and cooling system as a single lumped block.
(2) The lateral resistances between chip units were at least four
times larger than the vertical resistances that connected chip units
to the package, i.e. most of the heat flows vertically in the silicon
die. Hence, we neglect lateral resistances on chip. Note that this
assumption does not eliminate the occurrence of hotspots/thermal
gradients as they are mainly caused by differences in power density
among chip blocks, and are affected to a lesser extent by lateral heat
flow between them. (3) As our work focusses on steady state con-
ditions, we ignore all thermal capacitances. However, we did use
them to remove the circular dependency between leakage power
and die temperature, which we discuss later.

Figure 1 shows the resulting reduced-order thermal RC circuit.
The package and cooling system (henceforth called the package)
is modeled by a first order RC circuit, with the resistance and ca-
pacitance values R, and Cj, obtained by a model order reduction
of the corresponding Hotspot blocks. Each chip block i is modeled

3The exception is Dynamic voltage and frequency scaling (DVFS),
which is often not preferred for DTM [14].

by a current source P; (representing its power consumption) and a
thermal resistance R; (representing conduction vertically). The val-
ues for R; were set to the vertical resistance connecting each chip
block to the spreader top in the original Hotspot circuit. The volt-
age across the capacitance C), (C;) is the temperature (relative to
the internal ambient) of the lumped package T, (i’ " chip block T;).

Power model. The power consumed P; by block i of an active
core has two parts, dynamic and static. The dynamic power at speed
s is given by sPy ;, where Py ; is the dynamic power at full speed
s = 1. The static power P; ; is, in general, an exponentially increas-
ing function of the temperature of the block 7; [5, 11]. Thus, the
block power is a function P;(s, T;) of the core speed and block tem-
perature. To simplify our analysis, we approximate the nonlinear
relationship Py ;(7;) with a 2-piece linear function:

» (T) _ Ps,i,mid — k,“yl (Tmid - T,) ’
s, i\ 1Li Ps,i,max — ki,2 (Tmax - Tl) ’

Here, the O temperature limit represents the internal ambient, and
the Thax limit, the maximum permissible die temperature. Tpiq 1S
a temperature lying between these extremes. Psjmig and P max
are the static power values PS7,~(T,-) at Thig and Tmax, respectively.
Figure 2 shows the total power consumption as a function of die
temperature of a single core processor for 65 nm technology com-
puted using the power models in [5]. For one of the profiles, the
corresponding linear approximation is also shown for comparison.
To determine which of the two regions to use in computing FP; ;,
one must know the block temperature 7;, but this again depends
on Ps;. We show in Section 3 how this circular dependency can
be removed to compute both Py ; and T; in terms of the coefficients
ki. The resulting expressions are used to compute Ps; and 7; by
first assuming that 7; is in a particular region (say (Tiid, Tmax]) and
using the corresponding coefficients (k; 2, Py, max)- If the calculated
value of 7; is in fact in the other region, 7; and Py ; are recomputed
using the coefficients of that region (ki 1, Psmiq)- In the interest
of clarity and brevity, the rest of the analysis assumes that all die
temperatures are in the range (7nid, Tmax]. It is to be understood
that the procedure mentioned above is to be used to determine the
correct set of coefficients in each of the resulting expressions.

0<T; < Thid,

)]
Tmid < T; < Tinax-

3. PRELIMINARY RESULTS

In this section, we obtain preliminary results, which we will then
use to find the main results in Section 4. First, we remove the cir-
cular dependency between leakage power and temperature by ex-
pressing both of them in terms of the package temperature. We then
redefine certain groups of parameters into “apparent” static and dy-
namic powers and use them to compute the steady state package
temperature. Finally, we show how the hottest block in a chip can
be computed statically for a given power profile.

Decoupling leakage and chip temperature. From the ther-
mal RC circuit in Figure 1,

Ci ‘”;;(t) =TI | oy 4 P ki (T~ 1))

t R;

For the Alpha 21264 thermal circuit, the largest time constant for
any chip block was 10 ms while that of the package was 57 s. This
is true in general for most processors, because the small die volume
is unable to store as much heat as the large package, and hence
responds faster to changes in power. Due to this relatively large
package time constant, T, () changes much slower than T;(z). So,
we can assume T, to be a constant parameter and solve the above




first order linear differential equation in closed form to get 7;(z) =

Ti(o)eiﬁit + (ai/ﬁi)(l _eiﬁil)s where o; = (] /Cl) (Ps,i,max —kiTmax +

sP; i +T,/R;) and B; = (1/C;) (1/R; —k;). If k; > 1/R; for any chip
block, that block will experience thermal runaway. Assuming the
chip design ensures no thermal runaway for 7; < Tipax, we proceed
to rewrite the expression for 7; as follows

T; = o/Bi = Ty + (P5; + 5Py ;)Ri, where 2

{2 1/(1—kR;) (Ieakage power factor), Ps’_i S Gi(Psimax — kiTmax)
(apparent static power) and P[’l ; £ iP4 ; (apparent dynamic power).

Substituting for 7; in the earlier expression for P ;, we now get
the total power for block i independent of its temperature 7;:

Pi=Py;+sPy+ (G — )T, /R;. (3)

The die static power still depends on temperature, but of the com-
mon package instead of the respective block’s temperature.

Steady state package temperature. We are now ready to
compute the package temperature 7,55 in steady state assuming
N, cores are operating at speed s. We first define the total ap-
parent static and dynamic power per core as P, 2 S, P P =

Z?il Pa/i,i' Also, we define G = Zﬁ‘il(g —1)/R; which has units
of thermal conductance. We then have from Figure 1 that 7j, ss =

(Na Zgl Pi) Rp=NuRp (P, + 5P+ GT,s). Rearranging, we have

Na

— 2 (Pl+5sP))R,. 4
1—GRpNa(S+S d) b @

Tp,ss =

Identifying the hottest chip block. Using (2) and (4), we
obtain the steady state die temperature for block 7 as

NaCi

B = (Bt sPL )R+ 7 —cp
piVa

(P{+5sP)) Ry, (5)

which is a function of the global core speed s. The hottest block
h is defined as the one that maximizes T ¢ over i = 1,...,M. In
general, different blocks within a given core can become the hottest
depending on the speed. However, we have found that the block
that is hottest at s = 1 remains the hottest at all speeds, for the
following reason. Typically, if block i has greater static power than
block j, it also has greater dynamic power (at s = 1). This tends
to maintain the same ordering among chip blocks in terms of total
power (and hence temperature) even if the speed s is varied.

4. MAIN RESULTS

In this section, we first obtain the maximum number of cores that
can be activated, both with throttling ,, and without throttling N,.
For the case N, > N, where throttling is required, we then com-
pute the required speed s* required to run N, cores simultaneously
within the thermal limit. This gives us the total speedup S = N,s*.
Finally, we derive the total power P(N,).

Maximum active cores without throttling. When N, cores
are running at full speed s = 1, we must still have the hottest chip
block temperature lower than Tinax. Using (5), we have

Nc'gh

lfGRch (PA,_FPQ) RP < Tiax-

Thss = (P.g,h + P!i,h) R+

We then solve the above inequality for N,:

Thax — (PA/‘.h +P‘,17h) Rh
N, = / : . (6)
ChRP (Ps/ + Pd) + [Tmax - (Ps,h +lei,h) Rh] GRP

In the above equation, | | is the floor function. We will henceforth
call N, the critical number of active cores.

Maximum active cores with throttling. In a well-designed
multi-core processor, all N cores can be activated if they are suffi-
ciently throttled. For certain power/thermal parameters (e.g. high
leakage), this may actually not be possible. We now obtain the
maximum number of cores N, that can be activated with throttling.
When N, cores are running at the least supported speed spin, we
must have the hottest chip block temperature lower than Tax:

N t_;h

h,ss s,h TSminkg p | I l—GRme

(Ps/ +sminpéz) Rp < Tax-
‘We then solve the above inequality for N,,:

Tmax — (PSIT/, +SminP{j{7h> Ry,

ChRp (Pi-+ sminP}) Ry + [Tmax = (P, + sminP4 ) Ri] GRo

Processor designers can use estimated power/thermal parameters to
compute N, and ensure that it is no smaller than N.

Speedup with N, active cores. For all N, > N,, some throt-
tling will be required, and to maximize the throughput, the throt-
tled speed s* should be chosen just small enough to keep the hottest
block & of each core below Tiyax. We then have T} s = Timax, When
s = f (say), or, using (5):

Na(:h

T =T :(P’ P, )R
h,ss max s.h +f d,h h+ l*GRpNa

(Pi+fP))Ry.
We can then solve the above equation for f to get

 Tonax— PRy~ Nq [z;hR,,P; + (Tmax —P th) GRP]

f(Na) = ; ’ ;
Py yRi+Na [CthPd — Pd’thGRp]
@)
Combining this result with the no throttling case, we have
1, N, <N,
§*(Na) =14 4 =" (8)
f(Na)7 Na > NC-

The speedup is then simply S(N,) = Ngs*(Ng).

Total power with N, active cores. Suppose N, cores are
operating at speeds s*(N;). We use (3) and (4) to find the power
consumed by block i in each core:

G—1
R;

Ny (P{+s*(NJ)P)) R,
1 —GR,N,

Pi(Na) = Py + 5" (Na) Py +

The total power consumed over all active cores and blocks is P(N,) =
Ny Zgl Pi(Ng). After some algebra, P(N,) reduces to

Py+5*(Ng)P; 5
powy =W SO [Tple]
RP s=5*(Ng)

1—GR,N,
We note from (9) that for N, < N, s*(Ng) = 1, and P(N,) is propor-
tional to N, /(1 — GR,N,), which can be shown to be an increasing

®
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Figure 2: Power profiles P;(T) of a single-core processor for
different values of static and dynamic power.

convex function of N, (for N, < 1/(GR))). This is unlike the to-
tal throughput S(N,) which is linear in N, for N, < N.. This is
because increasing the number of active cores results in a greater
package temperature due to (4), which then causes each core’s leak-
age power to increase due to LDT according to (3).

5. RESULTS

Model data. We took the single-core Alpha 21264 EV6 floor-
plan from [9], scaled its dimensions to create N copies that fit
within the same area as the original single-core processor. For this
N-core floorplan, Hotspot [9] computes the equivalent thermal RC
network. We then applied the approximations mentioned in Section
2 to this Hotspot circuit and obtained our high-level thermal model.
We set the convection thermal resistance in Hotspot to 0.3 W/°C
to reflect the power-thermal characteristics of modern server-grade
processors [16,17]. This lower value represents improved packag-
ing and cooling technology and was chosen to allow a chip max-
imum temperatures Tmax = 110°C, and a steady-state power con-
sumption (with throttling) of about 130 W.

Given a floorplan of a future multi-core processor, the formulas
for computing thermal resistances are well-known because they de-
pend on properties (like thermal conductivity) that do not change
much with technology scaling. However, obtaining block-level
power data (especially leakage) for future multi-core processors is
much harder because it depends on many technology-dependent pa-
rameters (like subthreshold leakage per transistor). Hence, we use
the following general approach. First, we obtain leakage and dy-

namic power data for different functional blocks using the temperature-

aware models from [5]. We then scale the leakage power (function
of temperature) and dynamic power (function of speed), keeping
relative block numbers the same, to obtain power numbers Py (7', s)
representative of a modern single-core server processor.

We then model the toral power consumption of a “correspond-

ing” N-core processor with all cores active to be Py (T, s) =k, P (T,s).

The scaling factor k, is a simple and general way to model the
changes in chip power consumption over different technologies.
We then compute the per-core power consumption as Py (7,s)/N.
Figure 2 shows a plot of the total power consumption of a single-
core processor Py(T,1), i.e. with all cores running at full speed.
To study the effect of dynamic and static powers on multi-core
speedup and power, we construct three profiles: (1) high dynamic
and static power, (2) low dynamic, but high static power, and (3)

ALPHA 21264
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Figure 3: Numerical computation of steady state power and
temperagure using detailed Hotspot and exp. LDT models.
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Figure 4: Total throughput vs number of active cores.

low dynamic and static power. We note here that we chose k, = 1.5,
Timia = 75° C (see Figure 2), spin = 0.1 for our setup.

Total throughput and power. We now compute the through-
put and power curves for a 9-core processor represented by the
above power-thermal data. We do this first using the closed form
expressions for S and P obtained in Section 5, and then verify these
results numerically by using the detailed Hotspot and exponential
LDT power models. Figure 3 describes the method used to obtain
the steady state power and temperature of each block of each core
numerically, for a given throttling speed s and number of active
cores N,.

The Hotspot thermal RC circuit of the multi-core processor is
first pruned of all capacitances (as we are interested in steady state
solution). This resistance network, when combined with the expo-
nential LDT static power model and the (constant) dynamic power
model constitutes a non-linear system because the current sources
in each die block depend exponentially on the voltage of that block.
To obtain the steady state values of these currents (power con-
sumption) and voltages (temperature), we use a non-linear equation
solver that solves the 191 KCL equations for each node in the cir-
cuit. To compute the throttling speed s* (N,;) numerically, we repeat
the procedure described above for different speeds over the range
[Smin, 1] by performing a binary search, and select the speed that
keeps the hottest block on the die just below Tinax in steady state.
Once we find s*(N,), the output of the solver gives us the power
consumption of each block, which is summed to get P(N,).

Figure 4 shows the speedup of a 9-core processor as a function
of the number of active cores, computed both analytically and nu-
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merically for each of the profiles in Figure 2. For the profile (1), the
speedup scales linearly until N, = 4 cores, beginning to slow down
slightly for N, = 5, reaching a maximum at N, = 7 and decreasing
for N, = 8 and 9. As the static power is high, and because throt-
tling the processor only reduces the dynamic power linearly, a lot
of throttling is needed when the number of active cores (and hence
total static power) grows. This speedup curve is unacceptable as
using all cores results in less performance than using only seven
cores, which defeats the purpose of deploying nine cores.

If the dynamic power were to be reduced, as in profile (2), we see
that the speedup now scales linearly up to N, = 6 cores. Although it
veers off the straight line for N, > 6, it continues to increase. This
allows utilizing all N cores, with increasing speedup for increas-
ing N,. The improvement over (1) is because the reduced dynamic
power requires lower throttling to meet the power-thermal budget.
If the static power were also reduced sufficiently, as in profile (3),
the total power is within the thermal limit, the speedup curve be-
comes the ideal straight line, and all cores can be simultaneously
run at full speed. We see that the analytical results for N, match the
numerical results exactly for all three profiles. The speedup num-
bers predicted analytically are slightly underpredicted for N, > N,
with the worst case error being 8%. For profile (1), the analytical
results took 71 ms to compute versus 96 s for the numerical.

We believe that using the proposed approach provides a good
tradeoff between analytical insight and numerical accuracy. For
example, suppose a designer wanted to deploy better packaging or
cooling to have the speedup curve for profile (2) look like that for
profile (3). With the numerical approach, the designer would have
to try different values of various package and cooling parameters
in Hotspot, and redo the procedure described in Figure 3. With the
analytical approach, the designer could simply set N. =9 in (6) and
solve for R),. The expressions in Section 5 also allow one to easily
compute the sensitivity of variables of interest to design parameters
(like Tinax) by simply taking the partial derivative, e.g. the speedup
is a linear function of Tiyax, while N, is inversely proportional to
the total (apparent) power consumption per core.

Figure 5 shows the total power consumed by the same 9-core
processor as the number of active cores is varied. As predicted in
Section 5 all the power profiles have corresponding P(N,) curves
that are strictly convex and increasing for N, < N.. Also, for N, >
N,, they are concave and increasing. The prediction error w.r.t. the
numerical results are small for N, < N; the error here is mainly due
to the piecewise-linear approximation for LDT as both approaches
predict the throttling speed correctly as 1. For N, > N, the error

in computing the throttling speed causes a corresponding underpre-
diction (worst case 7%) in computing the dynamic power.

6. CONCLUSION

The processor industry has plans to aggressively scale the num-
ber of cores on a die. There is a great need for tools and models
at all design levels to understand the relationships between perfor-
mance, power and heat for such processors. We propose high-level
thermal and power models that incorporate important effects like
leakage dependence on temperature (LDT), and die power density
variations. Using a linear approximation for LDT, we removed the
circular dependency between the power and temperature of a chip
block. We developed simple closed form expressions for (a) the
speedup and power of an N-core processor as a function of the
number of active cores, (b) the maximum number of cores that can
be activated, both, with and without throttling. These expressions
contain parameters related to macro-level system power and ther-
mal parameters which can be used for early design exploration. We
validated these results by comparing them to the output of a non-
linear circuit solver, which computes the steady state of the Hotspot
thermal circuit driven by an exponential LDT power model.
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