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Fig. 5. Reduction in temperature constraint violations due to local DVFS and
elimination of temperature constraint violations due to clock throttling.

near-optimal performance, but vulnerability to temperature
constraint violations due to transient changes in workload. We
then show that there is only a small performance reduction
resulting from the additional management techniques ThermOS
uses to guarantee thermal safety is small.

ThermOS uses the temperature-aware workload migration
and global power-thermal budgeting guidelines derived in
Section IV-A. These techniques can potentially offer near-
optimal run-time performance subject to a temperature con-
straint. However, they do not immediately react to transient
workload variation occurring in individual processor cores,
which may cause run-time temperature constraint violations.
ThermOS uses distributed run-time thermal management tech-
niques to guarantee thermal safety, i.e., local DVFS and clock
throttling dynamically adjust the voltage and frequency of each
processor core to eliminate thermal emergencies. Compared to
DVFS, clock throttling is more responsive but degrades perfor-
mance more for the same thermal improvement. Therefore, in
ThermOS, DVFS is continuously engaged and clock throttling
is invoked only when local DVFS cannot guarantee thermal
safety. These techniques, however, may cause the run-time
operations of the processor cores to deviate from the guidelines
derived in Section IV-A. Straying from these guidelines has the
potential to reduce performance.

Fig. 5 shows the levels of thermal safety achieved by various
control techniques. As shown in this �gure, when distributed
control is disabled, the voltage and frequency of each processor
core are solely controlled by global power-thermal budgeting,
which does not consider the temporal workload variation within
each processor core. This local workload variation can cause
signi�cant run-time power variation, and therefore temper-
ature constraint violations. Local DVFS can adapt to rapid
workload variation occurring within each processor core and
adjust voltage and frequency accordingly, thereby reducing
run-time thermal emergencies. When clock throttling is also
enabled, processor thermal emergencies are completely elim-
inated (see Fig. 5).

To further illustrate the effectiveness of the distributed
run-time control techniques, Fig. 6 shows the run-time ther-
mal pro�les of eight processor cores when running the lv-
mipc2 benchmark, with and without local clock throttling.
Processors 0–3 are adjacent to the heat sink and processors 4–7
are farther from it. Local DVFS balances CMP thermal pro-
�le, and run-time temperature constraint violations (exceeding
85 
 C, a prede�ned thermal threshold used in this experiment)

occur only rarely. When both local DVFS and clock throttling
are enabled, the temperature constraint is never violated.

Fig. 7 shows that the performance penalty introduced by
the distributed control techniques required to guarantee ther-
mal safety is low. To help quantify the performance impact,
we normalize the CMP throughput to the value achieved by
global power-thermal budgeting and then evaluate the CMP
throughput with local DVFS only with both local DVFS and
clock throttling. These results indicate that local DVFS de-
grades instruction throughput by 0.55% on average. Since
local DVFS is capable of eliminating most run-time thermal
emergencies, clock throttling is rarely invoked. As shown in
these �gures, enabling both local DVFS and clock throttling
results in performance penalties of only 0.60% on average for
instruction throughput. In summary, the proposed distributed
run-time thermal control technique achieves thermal safety with
little performance impact.

C. Robustness to Changes in 3-D Integration

In order to show the robustness of ThermOS to variation in
3-D integration style, we evaluated the performance improve-
ment when used for CMPs using front-to-back and front-to-
front wafer integration (see Section V-A). We simulated the
proposed technique and Donald’s and Martonosi’s distributed
local approach [17] for both integration styles using all bench-
mark mixes shown in Table VI. The average CMP instruction
throughput improvement was 29.84% for front-to-back integra-
tion and 23.77% for front-to-front integration. For all combina-
tion of benchmarks and packages, the instruction throughput
improvements were greater than 7%. We can conclude that
ThermOS permits substantial improvements in performance
over Donald’s and Martonosi’s distributed local technique for
different 3-D integration styles.

D. Scalability Analysis of Thermos

ThermOS uses distributed temperature-aware workload
migration, global power-thermal budgeting, and distributed
run-time thermal control techniques to optimize 3-D CMP
throughput and guarantee thermal safety. In contrast with purely
local distributed techniques, run-time power-thermal budgeting
is global. This might raise concerns about the scalability of
ThermOS when used on many-core 3-D CMPs. In this sec-
tion, we evaluate the scalability of the proposed global power-
thermal budgeting technique.

1) Performance Impact:ThermOS periodically decides
power-thermal budgets for processor cores. This involves in-
terlayer and intralayer assignment. Run-time interlayer assign-
ment uses ef�cient table lookup. Intralayer assignment uses an
ef�cient homogeneous assignment policy, i.e., processor cores
within the same layer are assigned the same power-thermal
budgets. In the current setup, i.e., an eight-core 3-D CMP
with a 1-ms global guidance interval, detailed simulation shows
that the overall run-time overhead introduced by global power-
thermal budgeting is only 0.22%.

The run-time overhead of global power-thermal budgeting is
linearly proportional to the run-time global guidance/budgeting
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