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Abstract—Due to high levels integration, the design of many-core
systems becomes increasingly challenging. Runtime dynamic voltage
and frequency scaling (DVFS) is an effective method in managing the
power based on performance requirements in the presence of workload
variations. This paper presents an on-line scalable hardware-based
dynamic voltage frequency selection algorithm, by using both FIFO
occupancy and stall information between processors. To demonstrate
the proposed solution, two real application benchmarks are tested on a
many-core globally asynchronous locally synchronous (GALS) platform.
The experimental results show that the proposed approach can achieve
near-optimal power saving under performance constraints.

Index Terms—Dynamic voltage and frequency scaling (DVFS), many-
core processors, multi-processor systems-on-chip (MPSoCs), globally
asynchronous locally synchronous (GALS)

I. INTRODUCTION

With the continuous scaling of CMOS technology, a large number
of processing elements (PE) are able to be integrated on a single
silicon die, resulting in multi-processor systems-on-chip (MPSoCs).
Many-core processors with network-on-chip (NoC) interconnects are
promising architectures for high performance energy-efficient com-
puting [1], [2]. However, power management is a critical challenge for
the design of many-core platforms. Increasing power consumption not
only decreases energy efficiency, but also causes high die temperature
which jeopardizes the performance and reliability of chips.

In many-core systems, due to the diversity of tasks mapped
on different cores, the workload and performance requirements of
different cores are varied and also changing over time, as shown in
Fig. 1. There are computation-intensive jobs that require processors
to run at full speed; however, there are also non-performance critical
jobs which can be computed at low speed while still meeting the per-
formance requirements of the system. Dynamic voltage and frequency
scaling (DVFS) exploits the fact that dynamic power is proportional
to the cube of supply voltage, considering operating frequency has
a linear dependence on supply voltage, to perform dynamic voltage
scaling in order to provide “just-enough” processor speed to finish
the workload under time and performance constraints, while reduce
the power dissipation at meantime. Many-core systems with per-core
DVES have been proved to be capable of reducing energy dissipation
significantly by adapting both voltage and frequency of the system
with respect of changing workload [3], [4].

This paper proposes a scalable hardware-based per-core DVFS
solution driven by workload variations for many-core systems. The
remainder of this paper is organized as follows. Section II presents
related work and the contributions of this paper. Section III discusses
the preliminaries and assumptions used in this paper. Section III
describes the proposed solution. Section V discusses the experimental
results with real application benchmarks. Finally, Section VI con-
cludes the paper.
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Fig. 1. Workload varies among cores, and also changes over time in many-
core systems.

II. RELATED WORK AND NOVEL CONTRIBUTIONS
A. Related Work

Various DVFS schemes based on FIFO occupancy for many-
core processors with globally asynchronous locally synchronous
(GALS) have been discussed in the literature. Wu et al. formally
described a nonlinear model of the queue occupancy, and presented
a proportional-integral-derivative (PID) controller, which requires
detailed analysis of the queue behavior before actual hardware
implementation [5]. Alimonda et al. analyzed more complex queue
configurations, and developed a non-linear controller which offers
better transient and steady-state performance, as compared with linear
controllers [6]. Orgas et al. presented an adaptive feedback controller
based on state-space models to determine the optimal voltage frequen-
cy island (VFI) for different PEs [7]. Garg et al. extended Orgas’s
work by adopting both local and global state feedback to balance
the energy saving and the implementation complexity of the DVFS
controller [8].

On the other hand, Choudhary and Marculescu proposed a method
which adopts the stall information, rather than the occupancy, of
FIFOs. The DVFS controller counts the stalling time from both the
producer and the consumer of a communication link to determine the
optimal VFI for PEs in the next control interval [9].

B. Novel Contributions

Compared to the previous work outlined here, we make the
following novel contributions:

e We propose an online, scalable, hardware-based DVFS algorithm
based on both FIFO occupancy and stall information between
communication links. The proposed method not only takes ad-
vantage of the fast response to workload variation by monitoring
FIFO occupancy, but also use FIFO stall information to cover the
scenarios that are not solvable by monitoring FIFO occupancy
only. In contrast, previous work either use FIFO occupancy or
FIFO stall information only.

e We demonstrate the proposed DVFS scheme with real appli-
cation benchmarks on a many-core GALS system. The experi-
mental results shows the proposed DVFS controller can achieve
near-optimal power saving under performance constraints.
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Fig. 2. DVFS controllers with constraints from (a) upstream (source) and
(b) downstream (sink).

ITII. PRELIMINARIES AND ASSUMPTIONS

A. Performance Constrained Systems

In general, there are two categories of performance constraints for
real time systems, upstream constraints and downstream constraints.
The constraints from upstream are given by the source, which
means that the input data has to be processed at a certain rate to
ensure correct operation, like analog-to-digital conversion. On the
other hand, systems are constrained by downstream. In this case, a
certain output rate is required to be satisfied for correct operation,
like video processing, wireless communication and digital-to-analog
conversion. Fig. 2 shows DVFS controllers are tuned by the inputs
and outputs, for systems with upstream and downstream constraints,
respectively. In the rest of this paper, input constrained systems are
being considered, and all the results could be extended to output
constrained systems as well.

B. Multiple Power Domains and Voltage Dithering

A common technique of supplying multiple voltage domains for
many-core systems is to integrate on-chip DC-DC converter for
each individual processor. However, the overhead of the approach
is undesirable if the number of cores increases beyond a few. A
alternative technique using limited number of parallel global power
grids is adopted due to its efficiency and simplicity. Processors choose
their supply voltage by connecting their local power grid to one of the
parallel global power grids through power gates. The approach has
been proved be simple, efficient and capable of switching between
power grids in a few nanoseconds without introducing prominent
voltage noise [3].

For systems with limited number of global power domains, there
are two major voltage scaling approaches. The first one prioritizes
frequency scaling over voltage scaling. The processor changes its
operation frequency based on its workload, and chooses the lowest
possible supply voltage from the global power grids,

vdd,,
Vdd,,

if fmax(Vddi—l) < freq < fmax(Vddi)
if freq < fmax(Vddl)

where fr, is the desired working frequency, and Vdd| < Vdd, < ... <
Vddy_1 < Vddy are the available N global power grids.

In contrast of prioritizing frequency scaling, voltage dithering
switches between the voltage and frequency pairs above and below
the desired frequency to achieve the performance requirements [10].
For example, if the available normalized frequencies are 0.75 and 0.5,
while the desired rate is 0.6, the core would spend 40% of processing
time at the frequency of 0.75, and 60% at 0.5. In general, voltage
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Fig. 3. Normalized energy versus workload of frequency scaling with three
Vdds, voltage dithering with three Vdds and theoretically ideal case with
arbitrary levels of voltage domain.

dithering DVFS could be described as:

PxVdd;+(1-P)xVdd;_,
if finax(Vddi-1) < freq < fmax(Vdd;) ()
vdd,,if freq < fmax(Vddl)

VddCore =

where P and (1 — P) are the percentage of processing time at which
the local VddCore is assigned to Vdd; and Vdd;_;, respectively. P
is defined according to the desired core’s frequency as

freq _f(Vddi—l)

P= 3
fvddy) - f(vdd;-y) ®)

As illustrated in Fig. 3, voltage dithering achieves better energy
efficiency ccompared to frequency scaling. Additionally, the energy
efficiency obtained by voltage dithering with three Vdds is very close
to ideal DVFS systems with infinite number of Vdds. Therefore,
voltage dithering with three Vdds is used as the multiple voltage
architecture in the following paper.

IV. PROPOSED ALGORITHM

The proposed DVFS algorithm applies both FIFO occupancy and
FIFO stall information to determine the voltage and frequency for
each individual core in the many-core system.

A. FIFO Occupancy

Since we are considering upstream constrained systems, the con-
straints come from the input ports of the system. When input FIFOs
tend to be empty, it means that the processor runs too fast and could
slow down by tying with a lower Vdd to save energy. On the other
hand, if input FIFOs fill up, it means that the processor runs too
slow and should speed up by tying with a higher Vdd to satisty
the performance requirements. Suppose there are N voltage domains,
which are Vi, Vs,...,Vy. Then each FIFO is split into (2N —2) levels
evenly, which ranges from Li,L,...,Loy—-7). If there are M input
FIFOs for the core under test, and the input FIFO occupancy are
represented by O1,0»,...,Oy, the current input FIFO occupancy for
the core under test is O,y = MAX(01,03,...,0)r). Assume that the
previous input FIFO occupancy of the core is O/ and the core is
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tied with V), then the next voltage domain the core tied is

Vi, if Oprr = Ly
Vpre+1s  if Ocurr > Oppre+1

Voceu = Vpres if Opre—l < Ocurr < 0pre+l (C)
Vpre—ls if Ocurr < Opre—l

Vn, if Ocurr = L(ZN—Z)

Then, the Opre and V. are set t0 Oy and Vioee, for the mext
comparison, respectively.

B. FIFO Stall Information

Although FIFO occupancy is effective to help processors to choose
appropriate voltage domains, it may provides wrong decisions in
some scenarios. Fig. 4 shows a 10-core Advanced Encryption S-
tandard (AES) engine on a many-core system [11]. Considering the
AES engine has upstream constraints, and the cores’ voltage and
frequency pairs adjust only based on input FIFOs occupancy. When
the performance requirement increases, the input FIFO for the whole
engine would fill up and speed up AddKeyHead. Then, the FIFO
1 would tend to be full, and Subl6-Loop would be tied to a higher
voltage and frequency pair. In the AES engine, only one 16-byte data
block is allowed to be processed in the loop operation at anytime.
Therefore, FIFO 2, 3, and 4 would never be filled up enough to
speed up the corresponding cores. As a result, the AES engine fails to
satisty the desired throughput requirement. From the above example,
it shows that choosing voltage and frequency only based on FIFO
occupancy may cause failures.

In order to solve the problem, we propose a new voltage scaling
technique called workload inheritance, which is based on FIFO stall
information. Assume that one of the coreA input FIFOs connects
with one of the coreB’s output FIFOs. If coreA is stalled on coreB
due to empty on input (EOI), and coreA is not tied with the lowest
voltage-frequency pair, then coreB is considered to inherit workload
from coreA. Each core has a stall counter, Cgyy, which counts up
if it inherits workload from any of its output cores; otherwise counts
down. Suppose there are N voltage domains, which are V,V>,...,Vn.
Additionally, there are (N — 1) stall counter thresholds for switching
between Vdds are defined as T',7>,...,Tn—1. The voltage of the core
under test is determined as

Vi, if Csian < Ty
Vstan ={Vi, if Tioy <Cssan < T; 5)
Vn, if Csgan > Tn-1

Considering the above example, when Subl6-Loop speeds up due
to fill up of FIFO 1, while ShiftRows-Loop, Mix16-Loop, and AddKey-
Loop run at lower frequencies than required, Subl6-Loop would be
eventually stalled on AddKey-Loop due to read of empty on FIFO
5. Therefore, AddKey-Loop would inherit workload from Subl6-
Loop, and speed up. Similarly, the voltage and frequency levels of
ShiftRows-Loop and Mix16-Loop would be also tuned up until the
performance requirement got satisfied.
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Fig. 5. Block diagram of a single core in the targeted many-core platform.
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of one core versus supply voltage.

The algorithm of selecting voltage and frequency dynamically with
combined FIFO occupancy and FIFO stall information is shown in
Algorithm 1.

V. EXPERIMENTAL RESULTS

To test the proposed DVFES algorithm, we use two AES engines
on a many-core platform as benchmarks.

A. Targeted Many-Core Platform

Fig. 5 shows the block diagram of a single core in the targeted
many-core system. Each core can run at one of the three power
domains, which is controlled by the proposed DVFS algorithm. All
the cores are clocked by local fully independent oscillators, and
connected by a reconfigurable 2D-mesh network that supports both
nearby and long-distance communication.

As shown in Fig. 6, each core can operate up to 1.2 GHz at
1.3 V [1]. The maximum frequency and power consumption of
cores have a near-linear and quadratic dependence on the supply
voltage, respectively. The measurement data of supply voltage, clock
frequency and power are used in the case study.

B. Benchmark I — 137-core AES Engine

Fig. 7 shows mapping diagram of the 137-core AES engine on the
targeted many-core platform. The throughput requirement of the AES
cipher is set to 2.2 Gbps, which requires the processors on the critical
path to run at 1.2 GHz with 1.3 V. The three voltage-frequency pairs
in (V, MHz) are chosen as (1.3, 1210), (1.18, 1034) and (0.98, 700).



Algorithm 1 Dynamic Voltage and Frequency Selection

Inputs: Current voltage domain V,,,,; N discrete voltage and frequency
levels (V1, f1), ..., (Vn, fn); M output FIFO links of the core under
test, whether the sink core is stalled on it, and which voltage rail the
sink core is using (S 1,Vo1), ..., (S m,Voum); Current FIFO occupancy of
P input FIFO links of the core under test Oy, ..., Op; (N —1) voltage
switching thresholds for stall counter 7, ..., Tn-1;

Outputs: New voltage and frequency level (V,exs, fnexr) for the core
under test.

# algorithm uses FIFO occupancy
MaxOccupancy = O
for j=2:P do
if O; > MaxOccupancy then
MaxOccupancy = O;

end if
end for
if MaxOccupancy == L, then
Voceu = V1
else if MaxOccupancy == Lon-2) then
Voceu = Vi
else if MaxOccupancy > (one level above Op,.) then
Voceu = Vpre plus one level

else if MaxOccupancy < (one level below O,,.) then
Voceu = Vpre minus one level

else
Voceu = Vpre
end if
if Vyre! = Vieeu then
Vpre = Yoccu
Opre = MaxOccupancy
end if
# algorithm uses FIFO stall information
Cinc = FALSE
fori=1:M do
if S; and Vp; != V| then
Cine = TRUE
BREAK
end if
end for
if C;,. then
Cstall ++
else
Cstall -
end if
Vitan = V1

for i=2:(N-1) do
if Cstall > T,' then
Vitatt = Vi
end if
end for
# select the new voltage and frequency group
Viext = MAX(V()L'L'M’ Vstul[)
if Viext > Veurr then
Set Current Voltage to Vix:
Set Current Frequency to fyex
else if V,..; < V.. then
Set Current Frequency to fyex
Set Current Voltage to Vix:
end if

The optimal frequencies for different cores are obtained with static
workload analysis. The cores on the critical path are configured to
run at the highest voltage and frequency level to meet performance
requirements. On the other hand, non-critical cores should run at the
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Fig. 7. Mapping diagram of the 137-core AES engine [11].

TABLE I
OPTIMAL FREQUENCIES AND WORKING FREQUENCIES SELECTED BY THE
PROPOSED DVFS ALGORITHM OF ALL PROCESSORS IN THE 137-CORE

AES ENGINE.
Processor Name Optimal DVES Selected
Freq. (MHz) Freq. (Mhz)
AddKeyShiftRows 1158 1198
SubByte-4 691 762
MixColumn-4 1210 1210
KeySub 898 906
KeySche 1037 1067
MergeCore 1210 1210
FinalRoundAddKey 545 584

lowest possible voltage and frequency levels to minimize the power
dissipation, as long as not violating performance requirements.
The frequency selected by the proposed DVFS algorithm is defined
by
Freqpyrs = Z Peryaq,- freqvad, (0)

where Peryq, is the percentage of processing time the core spends on
Vdd;, and freqyqq, is the frequency of the core runs at supply voltage
Vdd;. Table I shows the comparison between the optimal frequencies
and the frequencies selected by the proposed DVFES algorithm.

Fig. 8 shows the power savings for each individual core by
adopting three different solutions. IDEAL-3 represents the optimal
static solution with three voltage frequency pairs, while IDEAL-
Inf represents the optimal static solution with infinite voltage and
frequency levels. IDEAL-Inf gives the theoretical best power savings.
As shown in Fig. 8, SubByte-4, KeySub and FinalRoundAddKey
obtain significant power saving as much as 60%. On the other hand,
there is no power saving for MixColumns-4 and MergeCore, since
they are on the critical path and determine the performance of the
system. Overall, the proposed DVFS algorithm shows a 18% power
improvement under the throughput constraint, which is only 2% less
than IDEAL-3 and 3% less than IDEAL-Inf.

C. Benchmark Il — 10-core AES Engine

Fig. 4 shows the 10-core AES engine diagram on the targeted
many-core platform. The throughput requirement is set to 43 Mbps,
which is the maximum throughput of the 10-core AES engine. The
three voltage and frequency pairs in (V, MHz) are chosen as (1.3,
1210), (0.95, 648) and (0.67, 50). As shown in Table II, all the four
cores in the loop are tied with the highest voltage and run at the
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Fig. 8. Power improvement of all processors in the 137-core AES engine.

TABLE II
OPTIMAL FREQUENCIES AND WORKING FREQUENCIES SELECTED BY THE
PROPOSED DVFS ALGORITHM OF ALL PROCESSORS IN THE 10-CORE AES

ENGINE.
Processor Name Optimal DVES Selected

Freq. (MHz) Freq. (Mhz)
AddKey-Head 15 15
SubByte-4-Loop 1210 1210
MixColumn-4-Loop 1210 1210
ShiftRows-Loop 1210 1210
AddKey-Loop 1210 1210
KeySub 271 382
KeySche 277 339
SubByte-4 50 50
ShiftRows 12 12
AddKey 15 15

highest frequency all the time. All the other cores have great potential
for power saving. Fig. 9 shows the proposed DVFS algorithm saves
40% to 90% power for each individual core, and approximate 28%
for the whole system.

VI. CONCLUSION

In this paper, we propose a scalable online hardware based DVFS
architecture for many-core systems. Compared to the previous work,
both FIFO occupancy and FIFO stall information are considered to
select the most energy efficient voltage and frequency level for each
core depends on its workload. To demonstrate the proposed algorithm,
two real application benchmarks are tested with a many-core system.
The experimental results show that the proposed DVFS approach can
achieve near-optimal power saving under performance constraints.
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