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Abstract—Voltage emergencies have become a major challenge
to multi-core processors because core-to-core resonance may put
all cores into danger which jeopardizes system reliability. We
observed that the applications following SPMD (Single Program
and Multiple Data) programming model tend to spark domain-
wide voltage resonance because multiple threads sharing the same
function body exhibit similar power activity. When threads are
judiciously relocated among the cores, the voltage droops can
be greatly reduced. We propose “Orchestrator”, a sensor-free
non-intrusive scheme for multi-core architectures to smooth the
voltage droops. Orchestrator focuses on the inter-core voltage
interactions, and maximally leverages the thread diversity to avoid
voltage droops synergy among cores. Experimental results show
that Orchestrator can reduce up to 64% voltage emergencies on
average, meanwhile improving performance.

I. INTRODUCTION

Inductive noise is a big challenge to power integrity. Imperfect
parasitic parameters of PDN contribute to voltage variations which
cause timing failures, thereby degrading the system reliability,
availability, and serviceability. Traditional PDN design approaches
rely on conservative voltage margin, i.e. over-design, to ensure safe
timing even in the worst case of voltage droops [1]. However,
with the decreasing working voltage and increasing density of
integration, the over-design paradigm has been proven to be highly
unsustainable [2].

In view of the limitation of over-design, prior studies proposed
many solutions aiming to tighten the voltage margin, such as 1)
avoid voltage emergencies (VE) by pipeline throttling[3], thread
scheduling [4] or software scheduling [5], 2) use sensors or predic-
tors to detect or predict the occurrence of VE [6][7], and 3) handle
VE by additional circuitry for rapid [8][9] or efficient recovery
[10]. However, these solutions focus on PDN of monolithic single-
core processors and become less effective for multi-core processors.
When core counts scale up, core-to-core voltage interferences will
be the main challenge to voltage integrity [2][11].

Miller et al. observes that barriers could cause destructive core-
to-core interferences during the execution of multi-threaded ap-
plications [12]. This work eliminates the voltage emergencies by
staggering the threads into a barrier and sequentially stepping over
it. In our work, we observe another prominent culprit for VE:
SPMD (Single Program and Multiple Data) programming model.
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Fig. 1. Four-domain processor baseline and PDN model

Compared to the barriers, SPMD model can spark inter-core voltage
resonance more frequently, because multiple threads share the same
function body leading to similar power activities of cores. Stagger-
ing solution is less effective to SPMD-induced VE because of two
reasons: 1) given the phase of a thread is varying over time, it’s hard
to figure out a guaranteed phase staggering solution that can fit for
the whole execution epoch; 2) even with such a staggering solution,
it will inevitably penalize performance because some threads will
be held for a while to shift their power phases.

To solve the problem, we propose Orchestrator to smooth the
voltage variations which focuses on the inter-core voltage inter-
actions caused by similar program activities. The key operational
principle is to coordinate diversified power characteristics among
neighbour cores by thread scheduling. With the enhancement of Or-
chestrator, systems with fail-safe mechanisms perform better with
less voltage margin. Overall, we make the following contributions:

1) We observe that the applications following SPMD program-
ming model can frequently arouse large voltage fluctuations.

2) Based on the observation, we propose “Orchestrator” , one
low-cost, sensor-free scheme to smooth voltage variations. We first
analyze and predict the variation intensity of running threads from
runtime statistics, and then figure out the optimal thread mapping
for each thread to avoid the voltage droop synergy. All these
operations are conducted on the fly.
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Fig. 2. Voltage emergency traces of barnes
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The rest of this paper is organized as follows: Section II gives
the motivation of this paper, followed by the detailed description of
proposed Orchestrator scheme in Section III. Section IV and Section
V present the experimental setup and results. The conclusions are
given in Section VI.

II. BACKGROUND AND MOTIVATION

A. Multi-core PDN baseline

It’s a popular design style for multi-core processors to divide
the PDN into multiple voltage domains [13]. Such “divided-and-
conquer” PDN design is scalable which supports advanced power
management efficiently as the core counts scale up [14][15]. The
domains are physically independent from each other and the inter-
domain voltage interferences can be minimized. In this paper, we
assume such a baseline PDN with multiple independent domains.
Without loss of generality, we use a 16-core processor divided into
four domains as the baseline. Each domain has an independent
power source, as prior work [14][13] assumed.

B. Voltage variation of SPMD applications

There are two preconditions for core resonance: 1) the cores in
the same domain show similar power profiles in the same phases.
2) the variation strength of profiles is strong enough. We find
that for multi-threaded applications, the first requirement is usually
satisfied. Take barnes (a SPLASH benchmark) for example, we
break down the voltage emergency traces of four barnes threads
running in four independent domains, counting voltage emergencies

(degrade by 4% of nominal voltage) in every 100K cycles. The volt-
age emergency traces of the four threads (barnes1,..., barnes4)
turn out to be almost at the same pace, as shown in Figure 2, which
create a big chance for strong core resonance if the four threads
are scheduled into the same domain. The results shown in Figure 3
confirm this argument.

Figure 3 illustrates the impact of core resonance in a voltage
domain, i.e. to show how many cores will suffer from the emer-
gencies concurrently. The result shows that on average up to 73%
emergencies jeopardize more than two cores simultaneously, and
about 30% emergencies can put all cores in danger. Hence, it’s
crucial to mitigate core resonance in multi-core PDN.

III. ORCHESTRATOR PRINCIPLE

The key principle of Orchestrator is to avoid domain-wide de-
structive noise by orchestrating the co-running threads, i.e. to judi-
ciously depart the threads with similar power profiles into different
domain, thereby minimizing the resonance.

To do so, we need to 1) quantify each thread’s aggressiveness
to the other threads, and 2) develop an algorithm to guide thread
scheduling that can minimize voltage resonance. The following
section is devoted to these two issues.

A. Quantify threads’ aggressiveness

We use Intrinsic Droop Intensity (IDI ) to characterize how
aggressive a thread can arouse the voltage fluctuations when stand-
along. A thread’s aggressiveness is an intrinsic property of the
thread, and won’t change with different co-running threads. A
thread’s IDI is quantified as the occurrences of large voltage droops
when running alone in a given time window (1 million cycles in
this paper), which is estimated by micro-architectural events during
running time (detailed implementation is in Session IV.B). The
rationale behind IDI is based on the fact that threads with higher
IDI are more voltage-violent and more likely to suffer from voltage
emergencies and “infect” the neighbouring cores. On the other hand,
threads with lower IDI are voltage-mild and can offer current relief
for neighbouring cores.

The effect can be exemplified by Figure 4. There are four ap-
plications (barnes, conocean, watersp, cholesky) running
on the processor. Each application has four threads, b1, . . . , b4 for
barnes, c1, . . . , c4 for conocean, w1, . . . , w4 for watersp,
and h1, . . . , h4 for cholesky. Each marker corresponds to a
specific thread. The X axis represents the threads’ IDI and the Y axis
represents the threads’ actual VE occurrences in one million cycles
with different co-runners. Initially, the threads forked by the same
parent are scheduled in the same domain, as the solid markers such
as “■” show. There are three out of four barnes threads show high
IDI. Unsurprisingly, all barnes’s threads suffer from intensive VE.
The same situation also applies on Domain3 hosting watersp. By
contrast, the Domain2 hosting conocean and Domain4 hosting
cholesky show low IDI which results in non-intensive VE.

After re-mapping the threads, as the hollow markers such as “□”
show, the VE occurrences of the original VE-intensive domains
can be greatly reduced. But those VE-non-intensive domains hardly
exacerbate, such as Domain2 denoted by “♢” and Domain4 by “▽”.
These results show that the IDI is a faithful metric to quantify
threads’ aggressiveness.

B. Scheduling algorithms

The scheduling algorithm is to determine the location of each
thread, on which the detrimental inter-core interferences can be
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Fig. 4. Relationship between IDI and VE intensity

minimized. To simplify the discussion, we assume that cores do
not support simultaneous multi-threading, so each core can only run
one thread at a time. Each thread in a given scheduling window is
associated with an IDI vector, denoted by 𝑉𝐼𝐷𝐼 . Suppose the run-
ning window is ten millions’ cycles, for example, then thread 𝑇𝑖’s
𝑉 𝑖
𝐼𝐷𝐼 is a ten-element vector denoted by [𝐼𝐷𝐼1, 𝐼𝐷𝐼2, . . . , 𝐼𝐷𝐼10].

Given the threads with similar voltage traces are more likely to
resonate with large voltage droops, we use the inner product be-
tween 𝑉𝐼𝐷𝐼s to quantify the intensity of voltage interferences.
Large inner product between two threads’ indicates that the two
threads have greater chance to resonate with large voltage droops.
By contrast, small inner product implies that the two threads exhibit
the different voltage traces and unlikely resonate with each other.
The interferences between thread 𝑖 and thread 𝑗, denoted by 𝐼(𝑖, 𝑗),
is defined as follows:

𝐼(𝑖, 𝑗) = 𝑉 𝑖
𝐼𝐷𝐼 ⋅ 𝑉 𝑗

𝐼𝐷𝐼

The larger 𝐼, the stronger interferences. The emergency level 𝐸𝐿 of
a voltage domain (𝑆) is defined as the aggregated 𝐼 of the threads in
the same domain, i.e,

𝐸𝐿 =
∑

𝑖∈𝑆,𝑗∈𝑆

𝐼(𝑖, 𝑗)

To sum up, the objective can be described as follows, given the
𝑛-domain processors and the 𝑉𝐼𝐷𝐼 of each thread. Our algorithm is
to figure out a thread mapping 𝑀 which minimizes the arithmetic
mean of 𝐸𝐿.

To make optimal arrangement of threads is very timing consum-
ing. The time complexity of exhaustive search is 𝐶𝑛

𝑡 ∗𝐶𝑛
𝑡−𝑛∗𝐶𝑛

𝑡−2𝑛∗
...∗𝐶𝑛

𝑛/𝑛!, where 𝐶 is the combination, 𝑛 is the number of domains
and 𝑡 is the number of cores. This combinational complexity is at the
magnitude of 𝑡𝑡, and can hardly support on-the-fly implementation.
Thus, we propose a heuristic algorithm.

First we transform high-dimension vectors to scalar values by
the modular operation. Then sort threads in a descending order
according to the norm of 𝑉𝐼𝐷𝐼 : 𝑇𝑚1 , 𝑇𝑚2 , 𝑇𝑚3 ...𝑇𝑚𝑡 . Threads
with higher 𝑉𝐼𝐷𝐼 norm have the higher priority to select neighbor
threads. Take 𝑇𝑚𝑖 for example. When it’s thread 𝑇𝑚𝑖 ’s turn to
choose neighbor threads, we first calculate inner product of 𝑇𝑚𝑖

with every available threads, and then choose the 𝑛 − 1 neighbor
threads that have the smallest inner product and mark the selected
threads as unavailable.

timer shaft

Monitor

IDI table         

Br D/I
Cache

D/I 
TLB

Performance
Counter

Regression 
Tree

IDI

11 00 ... 01 00 10

00 11 ... 11 11 00

...
00 11 ... 11 11 01

Thread1

Running window

Thread2

Thread16

V
ID

I

Scheduler

Monitoring 
Window 1

Monitoring 
Window 2

Monitoring 
Window n

Scheduling
Window

m
ap

pi
ng

Fig. 5. Organization of Orchestrator

IV. IMPLEMENTATION

A. Hardware components

As shown in Figure 5, Orchestrator includes two components:
Monitor and Scheduler. During every monitoring window, Monitor
is responsible for estimating and recording IDI of each thread. It
estimates IDI based on performance counter statistics. Threads’ IDI
information will be recorded in IDI table. At the end of a running
window, Scheduler will be triggered to compute the new thread
mapping based on the information recorded in IDI table, then it
initiates thread scheduling for the next running window.

The input of Scheduler is the vector of threads’ IDI which
ranges from 0 to about 200K according to 400 randomly selected
program slices. In order to simplify the hardware implementation
and filter the noise of IDI, we linearly separate them with the
minimal scale of 50K. The IDI between 0 and 50K is classified to
Rank 1, between 50K to 100K is in Rank 2, between 100K to 150K
is in Rank 3, and more than 150K is in Rank 4. The separation
must retain the resolution capability of IDI. Statistically, voltage
emergency occurrences of power domain running Rank1-threads,
Rank2-threads, and Rank3-threads are 3%, 10%, 51% normalized
to Rank4-threads, respectively. Thus , threads in different ranks
perform different voltage characteristics and have different infection
capability. After ranking, the entry of IDI table can be designed
as two bit-width which causes little area overhead and reduces the
hardware complexity.

B. IDI acquisition

The key implementation issue is how to get IDI of every thread
in runtime. Orchestrator relies on IDI to guide scheduling. However
IDI, as defined, is an intrinsic feature of a thread and cannot be
obtained by direct measuring since the inter-thread interference is
inevitable at runtime. We find that IDI is tightly correlated with
some microarchitecture activities, while these activities of different
threads show much less interferences than their voltage implication,
which motivates a regression-based IDI-acquisition approach.

1) IDI regression model: The voltage characteristics have been
proven to tightly correlate with several microarchitectural activities
such as branch misprediction, cache miss and TLB miss [16][2].
These activity patterns can serve as a proxy to measure IDI. How-
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ever, these runtime statistics are nonlinearly correlated, while the
regression tree is an ideal approach to cope with such a relationship.

Regression tree describes a complex nonlinear relationship with
a rule-based model [17], widely being used in data mining. The
regression tree model is composed of a group of rulers, each having
two parts, a condition and a simple multi-variant regression model.
When condition is satisfied, the associated fitting model is chosen
to calculate the predicted value. Regression tree makes prediction
in almost realtime because it just looks up constants in the tree
instead of complicated calculations. In this work, we use it to fit
the relationship between the performance counter information and
IDI. More specifically, we take branch misprediction intensity, L1
and L2 cache miss intensity, and TLB miss intensity as the input
variables. They can be easily obtained by a set of performance
counters. The output is the corresponding IDI.

First we have to train the regression tree with a set of training
samples. The training stage is conducted off-line. During the train-
ing period, performance counter information and corresponding
droop intensity of threads are gathered as the training set to generate
regression tree. The droop intensity can be calculated by using
online measuring sensors such as CPM [18]. To avoid interferences,
during the training stage only one thread is running in a power
domain at a time. When the regression tree is trained to reach a
stable state, we build it into the target chips to acquire IDI traces.

2) Regression accuracy: We use the SPLASH-2 benchmarks
to evaluate the prediction accuracy. SPLASH-2 benchmarks traces
are cut into 1M-cycle samples, and 100 samples are randomly taken
as the training set which is enough to train the regression tree
to a stable state. Then we apply the regression tree to other 250
samples as the testing set to evaluate the accuracy. The result is
shown in Figure 6. In the figure, the X-axis denotes the actual thread
droop intensity and Y-axis denotes the predicted droop intensity.
Our prediction model can correctly predict 87% of samples. The
overall rank prediction miss is about 13%, but no more than 3%
of samples make severe miss (i.e. to confuse Rank1 with Rank4).
The regression tree is very cost-effective. The regression tree in this
paper can be implemented with thousands of logic gates. So the
hardware overhead is negligible.

V. EXPERIMENTAL SETUP

We simulated a 16-core processor as the baseline. The core
configuration is listed in Table V. We use the full-system simulator
GEMS and Wattch [19] to generate power traces which transfer to
current traces using constant voltage level. Current traces are fed

Fig. 7. Voltage emergency reduction of 10 workloads

TABLE I
CORE CONFIGURATION

Parameters Configuration
Number of Cores 4
Clock Frequency 2.0 GHz
Fetch/Decode Width 4 instructions/cycle
Branch-Predictor Type 64 KB bimodal gshare/chooser,

1K entries
Reorder Buffer Size 128
Unified Load/Store Queue Size 64
Physical Register File 32-entry INT, 32-entry FP
INT ALU, INT Mul/Div, 4/2/4/2
FP ALU, FP Mul/Div
L1 Data Cache 16KB, 2-way, 32B line-size,

1-cycle latency
L1 Instruction Cache 16KB, 2-way, 32B line-size,

1-cycle latency
L2 Unified Cache 1MB, 4-way, 64B line-size,

16-cycle latency
I-TLB/D-TLB 64-entry, fully-associative

into Hspice PDN model. Then Hspice simulates the voltage traces
of each core.

Orchestrator are implemented with full-system simulations using
Virtutech Simics with Multifacet GEMS extension [20]. We use
SPLASH-2 benchmark suite [21] which covers most computation
and communication patterns as workloads.

The PDN for the baseline 16-core processors comprises four
independent domains, as shown in Figure 1. Each domain resembles
that of Intel Xeon 5500 processors [22]. In each power domain,
each core are modeled as a timing-varying current source with
decoupling capacitance and the intra-core connections are modeled
as resistive paths. The detailed parameters are the same with prior
work [23].

Note that Orchestrator is an architectural solution to reduce the
voltages emergencies, but cannot totally eliminates the VE. We
therefore assume the target processor is equipped with fail-safe
mechanisms which will be engaged when a failure is about to
happen or already happened. The fail-safe mechanisms may be
either in recovery style or dynamic frequency tuning style, such as
Razor [8], and fast DPLL-enhanced method [24].

VI. EXPERIMENTAL RESULTS

In this section, we first evaluate the reduction of voltage emer-
gencies by Orchestrator. Then we analyze the impact of thread
migration on performance. At the end we show the performance
improvements brought by Orchestrator.
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Fig. 9. Performance impact of thread re-mapping

A. Voltage emergency reduction

Figure 7 shows the voltage emergency reduction by Orchestrator-
enabled processor, with voltage-mild dominant, voltage-violent
dominant and mixed workloads shown in Table 2. The “Oracle” as-
sumes Orchestrator with perfect inference accuracy, while “Actual”
represents the actual scenarios with imperfect prediction accuracy
of 87. For workload 2, 3, 4, and 5, the emergency reduction is
more than 80%. The reduction for workload 1, 7, 8 and 10 is not as
dramatic as the others, because the workload is either mild-thread
dominated such as workload 1, or violent-thread dominated such as
workload 7, 8 and 10. Overall, the results show that Orchestrator
can dramatically reduce the voltage emergencies. Also, we can see
the prediction accuracy of 87% works well in our scheme. The
emergency reduction with actual Orchestrator degrades no more
than 4% compared with its oracle counterpart. Unless otherwise
specified, the following results are based on the actual Orchestrator.

Here we further show the statistical effectiveness of Orchestrator
for 100 workloads which are randomly constituted from SPLASH2
benchmarks. Given the length of running windows also affect the
effectiveness, we study the emergency reduction under 1M, 5M,
10M, and 20M cycles, respectively. Figure 8 gives the result using
“boxplot” which shows the median (the middle notch) and disper-
sion (the upper and lower bar) of a group of values; the outliers are
denoted by the “x”. Generally, the emergency reduction declines
with larger running window. Even at the largest interval of 20M
cycles, the average reduction is still about 64%. We also find that in
rare corner cases, Orchestrator may increase the emergency rate, as
the outliers show in the results. It is because of that the thread power
phases change so dramatically that the inference gets missed.

TABLE II
WORKLOADS

ID Benchmarks
1 conocean,fft,lu,radix
2 lu,barnes,radix,fft
3 barnes,conocean,radix,watersp
4 fft,waternsq,conocean,cholesky
5 radix,watersp,barnes,cholesky
6 radix,waternsq,barnes,fft
7 radiosity,conocean,watersp,radix
8 barnes,cholesky,radiosity,waternsq
9 conocean,radiosity,waternsq,watersp
10 cholesky,radiosity,waternsq,watersp

B. Thread re-mapping impact on performance

Orchestrator is based on thread scheduling which may poten-
tially penalize performance. Thread migration initiates the context
switching in cores and causes performance overhead due to lost of
hot data or mandatory warm-up. The system performance (in billion
instructions per second) is normalized to that of without migration.
Our baseline is configured with a shared last-level cache (LLC), as
most commercial multi-core processors adopted. Prior work [25]
[26] witnessed that migration between cores sharing a LLC usually
imposes small negative impact on performance. So we reduce the
migration interval to 1M cycles, attempting to highlight the worst
cases. Figure 9 shows the results for 200 workloads. The results are
sorted according to the performance. In most cases, the performance
overhead of migration is negligible. However, there are some cases
where migration results in worse or surprisingly better performance.
This is because in shared LLC cache, the data is statically mapped.
Re-mapping the threads may change the distance between one
thread and its data in LLC. Some data originally remote becomes
local data, hence improving performance; while some data original-
ly local becomes remote, hence degrading performance. It would
exert big influence on performance only when most of data becomes
remote or local for long period of program execution. Overall,
although Orchestrator needs to re-map the threads, the performance
overhead won’t be an essential limitation.

C. Performance improvement

Orchestrator is an architectural solution to mitigate voltage e-
mergency. It needs a fail-safe mechanism to recover from failures.
We study two representative fail-safe mechanisms cooperating with
Orchestrator: Razor [8] and fast DPLL(Digital Phase Lock Loop)
[24].

Razor augments pipeline with shadow latches and control lines
for in-situ error detection and correction, which offers an fail-safe
mechanism for dynamically voltage margin tuning. The emergency
rate depends on the voltage margin reserved. In this experiment,
we study three margins: 4%, 4.5%, and 5%. The voltage tuning
interval of Razor is more than 10 microseconds [8], which is
comparable with Orchestrator’s running window. So it’s reasonable
to assume fixed voltage margin for one running window. For Razor,
the recovery penalty is about 10 cycles, which is comparable with
the pipeline flushing cycles in modern processors.

Fast DPLL is the latest work which aims to handle unexpected
voltage droops deployed in IBM’s Power7 processor. Fast DPLL
can decrease frequency by 7% in several cycles, which can assure
timing margin at the onset of voltage droops [24]. After thousands
of cycles, when voltage goes to the normal level, the slow DPLL
would tune the frequency back to the normal frequency. Although



Fig. 10. Performance improvement comparison

every core is equipped with one fast DPLL, cores still run in the
same pace with identical frequency most often. Little fixed tuning
in one small window would not significantly change the situation
of core interferences. We assume that 10mv of voltage droops can
be transferring to 100Mhz (5% of peak frequency) of frequency
degradation.

Figure 10 shows the result. Under tight margin (i.e. 4%) in this
example, Razor-alone cannot improve performance, but degrades
performance due to overly high failure rate. With the relaxed voltage
margin, Razor can help gain better performance. However, Razor
cooperating with Orchestrator can greatly improve performance,
even with the tightest margin set. Fast DPLL-alone can make
7% performance improvement over the baseline. By incorporating
Orchestrator, the performance increases to 13%. In other words,
Orchestrator is an ideal architectural solution to cooperate with the
circuit-level fail-safe solutions.

VII. CONCLUSION

We observe that the multi-threaded applications execution phases
may exacerbate voltage fluctuations, because the threads forked by
one program may cause voltage resonance in one power domain.
Mixing diversified threads together in one power domain can greatly
reduce voltage droops. We propose one metric of intrinsic droop
intensity to characterize threads’ voltage features and using per-
formance counter information to estimate it on the fly based on a
regression model. We also propose an online heuristic algorithm
which dramatically reduces voltage emergencies. The experimental
results show that Orchestrator can dramatically reduce voltage
emergencies by 64% and thereby improve system’s performance.
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