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Abstract— Recently, 3D integration has been regarded as one of
the most promising techniques due to its abilities of reducing
global wire lengths and lowering power consumption. However,
3D integrated processors inevitably cause higher power density
and lower thermal conductivity, since the closer proximity of
heat generating dies makes existing thermal hotspots more
severe. Without an efficient cooling method inside the package,
3D integrated processors should suffer severe performance
degradation by dynamic thermal management as well as relia-
bility problems. In this paper, we analyze the impact of the
liquid cooling on a 3D multi-core processor compared to the
conventional air cooling. We also evaluate the leakage power
consumption and the lifetime reliability depending on the tem-
perature of each functional unit in the 3D multi-core processor.
The simulation results show that the liquid cooling reduces the
temperature of the L1 instruction cache (the hottest block in this
evaluation) by as much as 45 degrees, resulting in 12.8% leakage
reduction, on average, compared to the conventional air cooling.
Moreover, the reduced temperature of the L1 instruction cache
also improves the reliability of electromigration, stress migra-
tion, time-dependent dielectric breakdown, thermal cycling, and
negative bias temperature instability significantly.

I. INTRODUCTION

As technology scales down and integration densities con-
tinue to increase, interconnect delay has become the dominant
factor for microprocessor performance. To reduce the inter-
connect delay, three-dimensional (3D) integration technology
has drawn quite attentions, since the vertically integrated 3D
processor enables faster on-chip communication and lower
power consumption by reducing global wire lengths drasti-
cally [21][22][23][25][32]. Increasing the number of stacked
dies makes the 3D integration technology more advantageous
due to the reduced wire lengths.

Currently, even in 2D processors, thermal problem is serious
[13][14], which causes unexpected functional error or per-
manent damage. Thus, most high-performance 2D processors
have thermal management schemes. The 3D processors have
more severe thermal problems than the planar (2D) proces-
sors, since they have higher power density and lower heat
dissipation capability. As more dies are stacked, temperature
of the dies increases more significantly due to the higher heat
density of the power dissipating components. Longer heat
dissipation path from the die to the heat sink is another factor
worsening thermal dissipation. For these reasons, 3D inte-
gration technology deteriorates existing thermal hotspots and
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incurs new thermal hotspots [32]. Therefore, without an ef-
ficient cooling method inside the package, the 3D integrated
processor should suffer severe performance degradation by
Dynamic Thermal Management (DTM) [27].

According to several previous works on 3D integration
technologies [7][11], thermal-aware techniques can be con-
sidered to sustain the temperature in the 3D integrated pro-
cessor below thermal emergency. Many studies have focused
on thermal optimization of the 3D integrated processor. Cong
et al. proposed the thermal-driven floorplanning method [5]
and the wire routing technique [6] to improve the heat dissi-
pation capability of the 3D integrated processor. Shiu et al.
also proposed the thermal-driven floorplanning method to
mitigate the thermal problems for the 3D integrated processor
[10]. Furthermore, thermal-aware placement methods have
been proposed for lowering the temperature in the 3D inte-
grated processor [8][9]. Unfortunately, the above-mentioned
approaches are insufficient to solve the thermal problem in
the 3D integrated processors. As an alternative, inserting
thermal Through Silicon Via (TSV) into the vertically inte-
grated processor is regarded as an efficient method to reduce
on-chip temperature [31]. In this method, more thermal TSVs
are required for the hottest region. However, thermal TSVs
cannot be inserted directly into hot regions of the 3D inte-
grated processor, since most of the hot areas are occupied by
macro blocks or functional units. As a result, thermal dissi-
pation through thermal TSVs is not enough to reduce the peak
temperature of the 3D integrated processor below thermal
emergency.

For more aggressive cooling for the 3D integrated proces-
sors, interlayer liquid cooling methods with water as a coolant
also have been investigated by several researchers [3][4][15].
Chen et al. demonstrated that interlayer liquid cooling and a
die spacing for the heat transfer configuration reduced the
heat densities of 25W/cm® ~ 50 W/cm® [4]. Koo et al. also
showed that a layer of integrated microchannel cooling with
the water as a coolant reduced the heat densities up to
135W/ecm’® within a 3D integrated processor [15]. Brun-
schwiler et al. examined the heat dissipation capability of the
direct liquid cooling at practical operation conditions [3].
Additionally, scalable interlayer cooling concept using the
correlation-based prediction method was proposed [3]. In this
method, the numerical modeling method was used to identify
the optimal liquid cooling structure.



As far as we know, there has not been any study about the
architectural effects of the liquid cooling scheme on the mi-
croprocessors. In this paper, we analyze the impact of the
liquid cooling on temperature, leakage, and reliability in a 3D
multi-core processor, based on the most recent liquid cooling
scheme by IBM corporation [3].

The rest of this paper is organized as follows. Section 2 ex-
plains related work on 3D integration and liquid cooling.
Section 3 describes the 3D integrated processor incorporated
with the liquid cooling scheme. Section 4 provides the details
about our evaluation environments and modeling. Section 5
analyzes our evaluation results on temperature, leakage, and
reliability. Section 6 concludes this paper with future work.

IL.

In this section, we present related work on the 3D integration
techniques and the liquid cooling techniques.

RELATED WORK

A. 3D Integration Techniques

1) Structure of 3D Integration: Research for 3D integration
techniques can be categorized into two major groups; (1)
those dealing with die-bonding techniques and (2) those
dealing with Multi-layer Buried Structures (MLBS) [30].

The die-bonding 3D integration techniques use the conven-
tional 2D manufacturing processes and insert metal vias to
bond the two planar dies [26]. Various bonding materials
have been used for bonding the dies. The die-bonding 3D
integration techniques can have three different topologies for
interfacing between multiple planar dies; face-to-face (F2F),
face-to-back (F2B), and back-to-back (B2B). In MLBS, it is
possible to stack many heterogeneous dies [17][22]. By using
the MLBS, the 3D integration techniques enable mixing
dissimilar process technologies such as high-speed CMOS
with high-density DRAM. In this paper, we just consider a
face-to-face bonding technique because it provides a very
dense interface between adjacent dies and enables various
combinations for 3D processor organizations.

2) Through-Silicon Vias (TSVs) in 3D Integration: In the
3D integration structure, through-silicon vias (TSVs) are
usually used for the electrical interconnection between mul-
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Fig. 1. Conceptual schematic of (a) air cooling and (b) liquid cooling
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tiple layers passing vertically through a silicon die. Before
using TSVs, multiple layers have been connected by wiring
together at their edges. However, TSVs replace the
edge-wiring interconnection by the vertical interconnection,
leading to significant reduction of total wire length. It has
been reported that the vertical latency for traversing the
height of a 20-layer stack is just only 12 ps [20]. Therefore,
interconnection using TSVs through the body of the die can
enable fast on-chip communication for the 3D integrated
processors.

TSVs are also different from the typical metal wires pri-
marily in their size. Even though TSVs are wider than the
typical metal wires, TSVs have very short height, since each
wafer is thinned to only tens of microns. After fabrication,
each wafer is thinned to only 10-100um in thickness [1][8],
and then TSVs which have pitches of only 4-10 um [17] are
etched through the bulk silicon. Lastly, thermo-compression
is used to bond the individual layers together to form the 3D
integration structure [19].

B.  Liquid Cooling Techniques

Liquid cooling using water as a coolant is one of the most
efficient cooling methods for the 3D integrated processors
due to its superior heat dissipation efficiency of water. The
liquid cooling techniques can be categorized into two major
types; one is the indirect cooling and the other is the direct
cooling (also called immersion).

In the indirect cooling techniques, the coolant does not
contact with the electronic components directly. Instead,
microchannels are commonly used. Microchannels can be
integrated into a substrate or a heat sink and then inserted
between each layer [15]. Different from the indirect cooling
techniques, the dielectric coolant is allowed to go through
between the each layer for the direct cooling techniques.
Therefore, the coolant can absorb the heat flux from the each
layer of the 3D integrated processor, as shown in Fig. 1(b).

On the contrary, in the conventional air cooling scheme as
depicted in Fig. 1(a), the heat spreader is used for dissipating
heat flux instead of the coolant, which is widely used for
recent high performance processors. In this paper, we com-
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pare architectural effects of the direct interlayer liquid cool-
ing scheme to those of the conventional air cooling scheme in
the 3D integrated processor.

III. 3D INTEGRATED PROCESSOR WITH THE LIQUID COOLING
SCHEME

Fig. 2(a) shows the conventional planar processor with an
L2 cache and Fig. 2(b) illustrates the corresponding 3D inte-
grated processor. For the planar processor, we model a pro-
cessor based on the Intel Core 2 microarchitecture according
to the [24]. For the 3D integrated processor, we partition and
stack one core and half of the L2 cache on each of the die
[22][30]. Through this model, we can reduce the total area by
50% approximately and reduce the wire delay. The thickness
of each layer in our 3D integrated processor is modeled based
on[l1].

We adopt the liquid cooling structures proposed by IBM
corporation [3]. As explained earlier, the direct liquid cooling
technique is depicted in Fig. 1(b), where four dies are stacked
symmetrically with TSVs and the coolant is pumped
in-between the individual dies. However, we considered the
two-die stacked 3D processor in our evaluation. The heat
dissipated from each die is transferred to the coolant through
the die silicon slab or the wiring layers. A hermetic sealing of
the electrical TSVs is necessary to use water as a coolant [3].

IV. EVALUATION METHODOLOGY

A. Evaluation Environments

To evaluate power consumption of each functional unit, we
used Wattch [2] and perfmon?2 [33]. We first modified Wattch
based on the empirical power model proposed by Isci et al.
[12] to read the performance counts for obtaining the activity
factor of each functional unit. However, this modified Wattch
was originally implemented to operate with the Pentium 4.
Therefore, we also modified that Wattch to configure and to
read performance counters of the Core 2 processor by using
the perfmeon2. We obtained power values needed for the
each functional unit from [18].

The Intel Core 2 processor provides three fixed-function
performance counters and two general-purpose performance
counters for counting events. Each counter is associated with
the configuration register, which indicates the corresponding
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Fig. 2. (a) Planar layout of cores and an L2 cache, (b) 3D implementation
of cores and an L2 cache.
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performance counter. The perfmon2 enables both configuring
the configuration register and reading the performance
counters. Among 129 events, we utilize 17 events for esti-
mating the activity factor of each functional unit. Fig. 3 shows
the floorplan of one die for the 3D integrated processor.

We also assume that the coolant goes through in-between
the individual dies with the volumetric flow rate (Q) of
6.55x10”m*/hr. The power required for the flowing coolant
in-between individual dies is calculated as follows:

Pflowing_cooling = APressure - Q (N

where APressure is the pressure drop calculated from
numerical simulation. In our evaluation, power consumption
for the forced flowing coolant is only about 0.823W due to
the low volumetric flow rate, which is enough to absorb the
heat flux of the two-die 3D integrated processor. Compared to
the 1~2W power consumption of the conventional air cooling
scheme, the forced convective driving power used in our
evaluation is reasonable.

From 26 SPEC2000 benchmarks [34], we select two appli-
cations (gcc, gzip) that show the most significant temporal
variations in the perspective of thermal behavior [27], since
long simulation time is required to evaluate all benchmarks.
Note all the benchmarks do not cause enough heat to be in-
teresting thermally.

B. Thermal Modeling

To investigate the heat dissipation capability of the 3D in-
tegrated processor incorporated with the liquid cooling
scheme, we used Fluent Package (ICEPAK) simulation en-
gine [35] that is used to analyze heat flow. Each of the die
composed of one core and half of the L2 cache is mounted at
the board by Flip-chip Ball Grid Array (FBGA) type and the
components of the package (498-solderball, Flip-chip under-
fill, and Flip-chip substrate) are modeled as a single com-
bined layer which has equivalent thermal resistance. The
other thermal parameters for the 3D integrated processor are
obtained from [1]. For thermal evaluations, 4.3 million and
8.1 million non-uniform grid elements are used for modeling
the conventional air cooling scheme and the liquid cooling
scheme, respectively. To model the liquid cooling scheme
more accurately considering the flow of coolant, we need to
increase the number of grid elements. Since we wanted to

00 o1

oA o1 LSO o1

U o1 JNT o1 JSiMD 1

'l RIS
IFQ LAR T RS
o1 Bec

ommit o1

00 ¢t D ¢1 H ¢1bOP 61

Fig. 3. Floorplan of a die in the 3D integrated processor.



reduce simulation time without hurting accuracy, we did not
increase the number of grid elements for air cooling model-
ing.

In the air cooling scheme, the coolant material is the ambient
air 0f 293.15K temperature passing through heat spreader and
finned heat sink. The constant convective heat transfer coef-
ficient of 15000W/m’K, used in this paper, is sufficiently
high enough to represent a well-designed air cooling scheme
at the upper side of the heat spreader.

In the evaluated liquid cooling scheme, we assume that the
coolant (293.15K water) flows in a one-dimension through
in-between the individual dies with a constant mass flow rate.
Additionally, the heat flux of all functional units on each die
is considered individually, since the heat flux of each func-
tional unit is different depending on its corresponding power
consumption.

C. Temperature-Dependent Leakage Modeling

We also examine the leakage gain from the liquid cooling
compared to the air cooling. Leakage power mainly consists
of subthreshold leakage power and gate leakage power [16].
On estimating the subthreshold leakage power, we consider
two types of leakage; one is leakage in the logic circuits such
as functional units and the other is leakage in SRAM-based
units such as caches and register files.

The leakage power of the logic circuits is calculated as the
product of the number of gates and the average subthreshold
leakage current per gate. On the other hand, the leakage
power of the SRAM-based units is the sum of SRAM mem-
ory cells’ leakage power and their peripheral circuits’ leakage
power. Moreover, the gate leakage power is calculated by
gate direct tunneling current — including tunneling current
between gate and substrate and current between gates and
channels.

In this paper, we take into account both the subthreshold
leakage power for logic circuits and the gate leakage power
for SRAM-based units, reflecting thermal effects on leakage
as well. We choose the power values of 65nm technology
corresponding to the Intel Core 2 processor from which we
have traces [36].

D. Reliability Modeling

For evaluating lifetime reliability of our processor model,
we used application-aware architecture-level methodology
called as Reliability Aware Microprocessor (RAMP) [29].
RAMP can dynamically track the lifetime reliability de-
pending on the application behavior. This methodology
represents the processor lifetime reliability in terms of Mean
Time to Failure (MTTF) or the expected lifetime of the pro-
cessor and calculates an instantaneous MTTF based on the
current temperature and the utilization of each functional unit.

The standard method for representing constant failure rates
is Failures in Time (FIT), which means the number of failures
per 10° device operating hours. The MTTF models used in
RAMP provide the estimated FIT values based on fixed op-
erating parameters, such as temperature, voltage, and fre-
quency. In this paper, we evaluate the lifetime reliability of
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the 3D integrated processor with liquid cooling compared to
that with air cooling in the perspective of FIT.

There are four models for evaluating reliability of the pro-
cessor in RAMP [29]. First model is electromigration (EM)
which occurs in aluminum and copper interconnects due to
the mass transport of conductor metal atoms in interconnects.
The electromigration is exponentially dependent on temper-
ature. The effects of electromigration modeled in RAMP are
as follows [29]:

EaEMm
—N —S——
MTTFElectro Migration x U - ]critical ) e Kkt

@)

where ] is for current density in the interconnect, /. iticar 1S
for the critical current density needed for electromigration,
E.gm is the value of the activation energy for electromigra-
tion, kK is Boltzmann’s constant, and T is absolute tempera-
ture in Kelvin. N and E,gy are constants depending on the
interconnect metal.

Second model is stress migration (SM) that occurs when the
metal atoms in interconnects migrate. It is caused by different
thermal expansion rates of different materials in the device.
This mechanical stress is proportional to the temperature
changes. The stress migration models used in RAMP are as
follows [29]:

N Easm
MTTFstress Migration % |To —T|™ Ve

©)

where Ty and T are absolute temperature in Kelvin, N and
E.sm are constant values depending on materials.

Third one is Time-Dependent Dielectric Breakdown
(TDDB), or gate oxide breakdown. The gate dielectric wears
down with time and fails when a conductive path is formed in
the dielectric. The advent of thin and ultra-thin gate oxides
coupled with aggressive scaling of supply voltage accelerates
TDDB failure rates. The TDDB model highly relies on vol-
tage and temperature. The mean time to failure from the
time-dependent dielectric breakdown can be given as follows
[29]:

L (X+a4ZT)
-bT) ,— 4
MTTF Time-pependent X (;) (@=bT) g™t
Dielectric Breakdown

“4)

where a, b, X, Y, and Z are constant parameters based on
data in [29].

Last model in RAMP is thermal cycling (TC). All parts of
the device experience with fatigue damages when there is
thermal difference. The accumulated damages due to tem-
perature variations eventually cause failures. Thus, TC causes
this kind of failure in the package and the die interface such as
solder joints. The mean time to failure due to the thermal
cycling is based on [29] and is given by:

1 q

®)

MTTFThermal Cycling x (T_Tambient
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Fig. 4. Thermal profile of the 3D integrated processor (air cooling vs. liquid cooling)

where q is the value of the Coffin-Manson exponent con-
stant, T is the average temperature of the structure and
Tampiene 1S the ambient temperature.

In addition to the existing four failure models in RAMP, we
also consider Negative Bias Temperature Instability (NBTI)
for the emerging critical failure model. The NBTI takes place
when the gate is biased negative with respect to the source
and drain. The equation used to determine the mean time to
failure from the negative bias temperature instability is [28]:

MTTF

Negative Bias &
Temperature Instability

1
B
ln( AB>—ln< AB—C> X —= (6)
1+2eKT 1+2eKT eKkT

where A, B, C, D, and 8 are constant values based on [28],
and K is the Boltzmann’s constant value.

We evaluate the lifetime reliability of the 3D integrated
processor corresponding to the cooling scheme by using the
above five models.

V. EVALUATION RESULTS AND ANALYSIS

In this section, we present our evaluation results to analyze
the impact of liquid cooling scheme on the 3D integrated
processor in the perspective of temperature, leakage, and
lifetime reliability.

A. Temperature

Fig. 4(a) and Fig. 4(b) show steady state thermal profiles of
the 3D integrated processor with the conventional air cooling
scheme and the liquid cooling scheme, respectively, in case of
the gcc application. As shown in the figures, the L1 instruc-
tion cache (IL1) is turned out to be a hotspot with the air
cooling scheme. With the liquid cooling scheme, however,
the temperature of the IL1 is reduced drastically. The coolant
flows from left (IL1) to right (rename table (RAT), instruc-
tion fetch queue (IFQ), and reservation station (RS)) in Fig. 3
absorbing the heat flux of the IL1. Thus, RAT, IFQ, and RS
are cooled down with relatively warm coolant that already
went through the IL1, resulting in less thermal reduction of
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RAT, IFQ, and RS. If they were placed at upper side or lower
side of the L1 instruction cache in Fig. 3, the temperature of
them would be more reduced.

Among the functional units depicted in Fig. 3, we concen-
trate on the three hottest functional units for our temporal
thermal evaluation. Fig. 5 shows the temperatures of these
functional units depending on the cooling schemes. As shown
in Fig. 5(a), when we adopted the liquid cooling scheme with
the gcc application, temperature of IL1, IFQ, and RS is re-
duced by as much as 45 degrees, 35 degrees, and 31 degrees,
respectively, on average. In case of the gzip application (Fig.
5(b)), as much as 42 degrees, 31 degrees and 26 degrees are
reduced by the liquid cooling scheme, respectively, on av-
erage. In addition, we notice that the volumetric flow rate
used in our liquid cooling scheme, which is 6.55x10~m’/hr, is
enough to reduce the temperature of the hottest functional
units below the thermal emergency.

Unfortunately, we could not investigate the performance
impact of the air cooling scheme and the liquid cooling
scheme, since it takes 10~20 hours to evaluate performance
of each application with Fluent Package (ICEPAK) engine
while considering the DTM triggers. However, thermal si-
mulation results show that the 3D integrated processor in-
corporated with the liquid cooling scheme does not invoke
any DTM trigger, which will surely improve performance
significantly.

B. Leakage

We also investigate the leakage consumption of three hottest
functional units (IL1, IFQ, and RS). In the gec application,
shown in Fig. 6, the liquid cooling scheme reduces the lea-
kage consumption of IL1, IFQ, and RS by as much as 12.8%,
12.7%, and 11.1%, respectively, on average. In case of the
gzip application, the liquid cooling scheme shows leakage
reduction as much as 11.5% (IL1), 11.3% (IFQ), and 9.4%
(RS), respectively, on average. Since leakage power con-
sumption is dependent on temperature, the decreased tem-
perature by the liquid cooling scheme leads to the leakage
reduction of these hottest functional units. Total processor
leakage is also reduced by 11.5% and 10.1%, in gcc and gzip,
respectively.
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C. Lifetime Reliability

We evaluate the processor lifetime reliability in terms of its
FIT values. Fig. 7 shows the FIT values with the liquid
cooling scheme that is normalized to those with the air cool-
ing scheme. In Fig. 7, the normalized FIT values for five
different lifetime reliability models are presented. In case of
the gcc application, the liquid cooling scheme improves the
lifetime reliability of the L1 instruction cache by as much as
97.9%, 95.1%, 47.6%, 93.2%, and 80.5%, corresponding to
EM, SM, TDDB, TC, and NBTI, respectively. There are also
substantial lifetime reliability enhancements with the liquid
cooling scheme for the instruction fetch queue and the res-
ervation station.

As shown in Fig. 7, the liquid cooling scheme shows sub-
stantial lifetime reliability improvements in the EM and SM
model, since the lifetime reliability for these two models is
mainly dependent on temperature. On the other hand, in the
TDDB model, the lifetime reliability enhancement is not
prominent compared to the other models, since thermal effect
is limited when voltage is not changed [29]. In the TC model,
there is the largest enhancement of the lifetime reliability,
since reliability is highly dependent on the difference be-
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Fig. 7 Normalized FIT values for five different lifetime reliability models.

tween the temperature of each functional unit and the ambient
temperature of the 3D integrated processor. Additionally, the
lifetime reliability with the liquid cooling scheme is also
greatly improved in the NBTI model due to its strong de-
pendence on temperature.

VI. CONCLUSION AND FUTURE WORK

The 3D integration technique provides significant benefits
in terms of area, wire length, and power consumption.
However, higher heat density of the 3D integration requires
more efficient cooling methods. In this paper, we evaluate the
architectural effects (temperature, leakage, and reliability) of
the direct interlayer cooling method [3] for the 3D integrated
processor, where the dielectric coolant flows in-between
individual dies. The evaluation results show that this liquid
cooling scheme significantly reduces on-chip temperature
under 350K, which completely eliminates thermal emergency.
The temperature reduction also leads to more than 10% lea-
kage reduction of the 3D integrated processor. In addition, the
lowered temperature also improves the lifetime reliability
significantly. From our evaluation results, we found that the
liquid cooling scheme is very efficient on the 3D integrated



processor in the perspective of temperature, leakage power
consumption, and lifetime reliability.

In practice, thermal hotspots of the 3D integrated processor
are changed depending on floorplan and die-stacking method.
Thus, we will evaluate the efficiency of the liquid cooling
scheme considering the various 3D integration organizations.
Additionally, the impact of DTM triggers on performance
will be evaluated to see how much benefit we get in perfor-
mance by using the liquid cooling scheme.

ACKNOWLEDGMENT

This work was supported by the Second Brain Korea 21
Project and Korea Science and Engineering Foundation
(KOSEF) grant funded by the Korea government (MEST)
(No. R01-2007-000-20750-0).

REFERENCES

B. Black, M. M. Annavaram, E. Brekelbaum, J. DeVale, L. Jiang, G. H.
Loh, D. McCauley, P. Morrow, D. W. Nelson, D. Pantuso, P. Reed, J.
Rupley, S. Shankar, J. P. Shen and C. Webb, “Die-Stacking (3D) Mi-
croarchitecture,” in Proc. of the 39th Int. Symp. on Microarchitecture,
pp. 469-479, Dec. 2006.

D. Brooks, V. Tiwari, and M. Martonoshi, “Wattch: A framework for
architectural-level power analysis and optimizations”, in Proc. of the
27th Int. Symp. on Computer Architecture, pp.83-94, Jun. 2000.

T. Brunschwiler, B. Michel, H. Rothuizen, U. Kloter, B. Wunderle, H.
Oppermann and H. Reichl, “Forced Convective Interlayer Cooling in
Vertically Integrated Packages,” in Proc. of the 11th Intersociety Conf.
on Thermal and Thermomechanical Phenomena in Electronic Systems,
pp. 1114-1125, May 2008.

X. Y. Chen, K. C. Toh and J. C. Chai, “Direct Liquid Cooling of a
Stacked Multichip Module,” in Proc. of the 4th Electronics Packaging
Technology Conf., pp. 380-384, Dec. 2002.

J. Cong, J. Wei and Y. Zhang, “A Thermal-Driven Floorplanning
Algorithm for 3D ICs,” in Proc of Int. Conf. on Computer Aided De-
sign, pp. 306-313, Nov. 2004.

J. Cong and Y. Zhang, “Thermal-Driven Multilevel Routing for 3D
ICs,” in Proc. of the Asia and South Pacific — Design Automation Conf.,
pp. 121-126, Jan. 2005.

S. Das, A. Chandrakasan and R. Reif, “Timing, Energy and Thermal
Performance of Three-Dimensional Integrated Circuits,” in Proc. of the
14th ACM Great Lakes Symp. on VLSI, pp.338-343, Apr. 2004.

S. Das, A. Fan and K. -N. Chen, “Technology, Performance and
Computer Aided Design of Three Dimensional Integrated Circuits,” in
Proc. of the Int. Symp. on Physical Design, pp. 108-115, Apr. 2004.

B. Goplen and S. Sapatnekar, “Efficient Thermal Placement of Stan-
dard Cells in 3D ICs using a Force Directed Approach”, in Proc. of Int.
Conf. on Computer Aided Design, pp. 86-89, Nov. 2003.

P. H. Shiu, R. Ravichandran, S. Easwar and S. K. Lim, “Multi-layer
Floorplanning for Reliable System-on-Package,” in Proc. of Int. Symp.
on Circuits and Systems, Vol. 5, pp V69-V72, May 2004.

S. Im and K. Banerjee, “Full Chip Thermal Analysis of Planar (2-D)
and Vertically Integrated (3-D) High Performance ICs,” in Int. Elec-
trion Devices Meeting, Technical Digest, pp. 727-730, Dec. 2000.

C. Isci and M. Martonosi, “Runtime Power Monitoring in High-End
Processors: Methodology and Empirical data,” in Proc. of Int. Symp. on
Microarchitecture, pp. 93-104, Dec. 2003.

H. B. Jang, E. —Y. Chung, and S. W. Chung, “Adopting the Banked
Register File Scheme for Better Performance and Less Leakage,” ETRI
Journal, Vol. 30(4), pp.624-626, Aug. 2008.

J. Kong, J. John, E.-Y. Chung, S. W. Chung, and J. Hu, “On the
Thermal Attack in Instruction Caches”, I[EEE Trans. on Dependable
and Secure Computing, accepted.

J. Koo, S. Im, L. Jiang and K. Goodson, “Integrated Microchannel
Cooling for Three-Dimensional Electronic Circuit Architectures,” in
Journal of Heat Transfer, Vol. 127, pp. 49-58, Jan. 2005.

[16] W. Liao, L. He and K. M. Lepak, “Temperature and Supply Voltage
Aware Performance and Power Modeling at Microarchitecture,” /EEE

(1]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

478

[17]

(18]

[19]

[20]

(21]

(22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

(311
[32]
[33]
[34]

[35]
[36]

Trans. on Computer-Aided Design of Integrated Circuits and Systems,
Vol. 24, No 7, Jul. 2005.

G. H. Loh, “3D-Stacked Memory Architectures for Multi-Core Pro-
cessors,” in Proc. of the 35th Int. Symp. on Computer Architecture, pp.
453-464, Jun. 2008.

G. H. Loh, “A modular 3d processor for flexible product design and
technology migration,” in Proc. of the 2008 Conf. on Computing
Frontiers, pp. 159-170, May 2008.

G. H. Loh, Y. Xie and B. Black, “Processor Design in 3D Die-Stacking
Technologies,” IEEE Micro Magazine, 27(3), May-Jun. 2007.

G. L. Loi, B. Agarwal, N. Srivastava, S. —C. Lin and T. Sherwood, “A
Thermally-Aware Performance Analysis of Vertically Integrated (3-D)
Processor-Memory Hierarchy,” in Proc. of the 43rd ACM/IEEE Design
Automation Conf., pp. 991-996, Jul. 2006.

K. Puttaswamy and G. H. Loh, “Dynamic Instruction Schedulers in a
3-Dimensional Integration Technology,” in Proc. of the ACM Great
Lakes Symp. On VLSI, pp. 153-158, May 2006.

K. Puttaswamy and G. H. Loh, “ Implemeting Caches in a 3D Tech-
nology for High Performance Processors,” in Proc. of the Int. Conf. on
Comp. Design, pp. 525-532, October 2005.

K. Puttaswamy and G. H. Loh, “The Impact of 3-Dimensional Inte-
gration on the Design of Arithmetic Units,” in Proc. of the Int. Symp. on
Circuits and Systems, pp. 4951-4954. May 2006.

K. Puttaswamy and G. H. Loh, “Thermal Herding: Microarchitecture
Techniques for Controlling Hotspots in High-Performance
3D-Integrated Processors,” in Proc. of the 13th Int. Symp. on High
Performance Computer Architecture,” pp. 193-204, Feb. 2007.

P. Reed, G. Yeung, and B. Black, “Design Aspects of a Microprocessor
Data Cache using 3D Die Interconnect Technology,” in Proc. of the Int.
Conf. on Integrated Circuit Design and Tech., pp. 15-18, May 2005.
R. Reif, A. Fan, K. -N. Chen and S. Das, “Fabrication Technologies for
Three-Dimensional Integrated Circuits,” in Proc. of the 3rd Int. Symp.
on Quality Electronic Design, pp. 33-37, Mar. 2002.

K. Skadron, K. Sankaranarayanan, S. Veluasmy, D. Tarjan, M.R. Stan,
and W. Huang. “Temperature-Aware Microarchitecture: Modeling and
Implementation.” ACM Transactions on Architecture and Code Opti-
mization, Vol. 1(1), pp. 94-125, Mar. 2004.

J. Srinivasan, S. V. Adve, P. Bose, J. A. Rivers, “Exploiting Structural
Duplication for Lifetime Reliability Enhancement,” in Proc. of the
32nd Annu. Int. Symp. on Comp. Architecture, pp. 520-531, Jun. 2005.
J. Srinivasan, S. V. Adve, P. Bose, J. A. Rivers, “The Case for Lifetime
Reliability-Aware Microprocessors,” in Proc. of the 31st Annu. Int.
Symp. on Computer Architecture, pp. 276-287, Jun. 2004.

Y. -F. Tsai, Y. Xie, N. Vijaykrishnan, and M. J. Irwin,
“Three-Dimensional Cache Design Exploration Using 3D Cacti,” in
Proc. of IEEE Int. Conf. on Computer Design, pp. 519-524, Oct. 2005.
E. Wong and S. Lim, “3D Floorplanning with Thermal Vias,” in Proc.
of Design, Automation and Test in Europe, Vol. 1, pp. 1-6, Mar. 2006.
Y. Xie, G. H. Loh, B. Black and K. Bernstein, “Design Space Explo-
ration for 3D Architecture,” in ACM Journal on Emerging Tech. in
Computing Systems, Vol. 2, pp. 65-103, Jul. 2006.

Perfmon?2 patch. Available in http://perfmon2.sourceforge.net

SPEC, Standard Performance Evaluation Corporation, available in
http://www.spec.org/.

User’s guide, Icepak, 4.4.6. ANSYS/Fluent Inc., Lebanon, NH, 2007.
UC Berkeley Device Group, “Berkeley Predictive Technology Model
(BPTM),” Univ. California, Berkeley, CA, Jul. 2002.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


