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ABSTRACT
As Networks-on-Chip (NoCs) continue to consume a large frac-
tion of the total chip power budget, dynamic voltage and frequency
scaling (DVFS) has evolved into an integral part of NoC designs.
Efficient DVFS relies on accurate predictions of future network
state. Most previous approaches are reactive and based on network-
centric metrics, such as buffer occupation and channel utilization.
However, we find that there is little correlation between those met-
rics and subsequent NoC traffic, which leads to suboptimal DVFS
decisions. In this work, we propose to utilize highly predictable
properties of cache-coherence communication to derive more spe-
cific and reliable NoC traffic predictions. A DVFS mechanism
based on our traffic predictions, reduces power by 41% compared to
a baseline without DVFS and by 21% on average when compared
to a state-of-the-art DVFS implementation, while only degrading
performance by 3%.

Categories and Subject Descriptors
C.1.2 [Processor Architectures]: Multiple Data Stream Architec-
tures(Multiprocessors)—Interconnection architectures

General Terms
Design, Performance

Keywords
Networks-on-chip, dynamic voltage/frequency scaling, chip multi-
processor, cache coherence

1. INTRODUCTION
The steady increase in core counts coupled with power density

limitations and the breakdown of Dennard scaling [10] demand
NoCs that provide a scalable communication fabric for connecting
a large number of resources within a chip. As the NoC expands to
meet the performance demands of future many-core processors, it
has also become a critical consumer of the CMP’s overall power
budget [11]. Dynamic Voltage and Frequency Scaling (DVFS)
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Figure 1: Aggregation of individual traffic flows

can limit the NoC’s contribution to the chip’s overall power en-
velope [16, 7, 5, 20].

Although DVFS has been extensively studied in NoCs [16, 7, 5,
20], previous work mostly focuses on network-performance met-
rics, e.g., buffer occupation [7], channel utilization [20], roundtrip
latency [6], or injection rate [14] to adjust the voltage/frequency
(V/F) state of the NoC. Most of these approaches are reactive – they
set V/F state based on currently observed network conditions and
do not attempt to actively predict future communication require-
ments. For example, increased buffer occupation only triggers a re-
action after the onset of congestion in the NoC and does not attempt
to prevent congestion prior to its occurrence. These techniques as-
sume that the future state of the network is predictable solely based
on current network state, rather than application behaviour. This
only works well when network traffic changes slowly and future
network utilization correlates with its current state. In general, this
is not the case for most real application traffic that exhibits abrupt
changes and phase behaviour [1]. In Sec. 2.3, we show that no
obvious correlation exists between current and future channel uti-
lization. We find that predictions based purely on past and current
network-centric metrics lead to high prediction errors.

Poor DVFS decisions can be very costly, either through perfor-
mance loss due to underpredicting network utilization or wasted



energy caused by overpredicting NoC demands. Furthermore, it
takes a long time to recover from poor DVFS decisions due to
slow transition times for adjusting the voltage and frequency levels
(∼100s of cycles [7]). To avoid such costly mistakes, our work fo-
cuses on a novel, more reliable method to predict future NoC traffic
based on the cause of the traffic, rather than its effect.

Traffic prediction in NoC is difficult [1] because every router in a
NoC simultaneously transmits multiple traffic flows between many
sources and destinations. Additionally, every source/destination
pair exhibits its own dynamics. When we observe these individual
dynamics in aggregate, it is almost impossible to detect predictable
behaviour, since all traffic flows are interleaved, as seen in Fig. 1 at
router 6. However, if instead of looking at the aggregate effect and
trying to predict the future based on that, we look at the source of
the individual traffic flows at routers 0, 4, 8, and 12, we can observe
much more regular traffic patterns. We find that individual traffic
flows are much more predictable than their aggregate.

To predict the behaviour of individual traffic flows, it is impor-
tant to understand the underlying, dynamic causes of the traffic. For
example, in NoCs for cache-coherent CMPs, the aggregate traffic
consists of coherence protocol communication. In this work, we in-
troduce a traffic prediction mechanism that relies on data collected
from the coherence protocol, rather than the current state of the
network. Recent work by Demetriades et al. [9] shows that coher-
ence targets, defined as the subset of communication destinations
for a particular thread, can be predicted with high probability by
exploiting the inherent correlation between synchronization points
in a program and coherence communication. We extend these find-
ings and apply them to the prediction of bandwidth requirements to
control DVFS in the NoC.

Our approach differs from existing DVFS techniques because
it employs inherent application characteristics, rather than purely
network-related metrics and it uses them to proactively predict DVFS-
relevant properties of NoC traffic. This leads to a reduction in V/F
mispredictions and more accurate DVFS decisions during runtime,
which ultimately results in a more power-efficient NoC implemen-
tation without negatively impacting application throughput.

The primary contributions of this work are as follows:

• We show that current reactive DVFS mechanisms are not ef-
ficient at predicting future NoC demands.

• We develop a reliable traffic prediction mechanism that is
87% accurate in predicting the bandwidth requirements based
on application cache coherence behaviour.

• We propose a low-overhead hardware implementation of our
predictive DVFS mechanism for router-based voltage fre-
quency islands (VFI), which improves power-delay product
by 39% over a baseline with static V/F levels and by 21%
over prior work.

2. BACKGROUND AND MOTIVATION
First, we discuss the basics of cache coherent NoCs and dynamic

voltage and frequency scaling (DVFS). Next, we cover related work
in DVFS for NoCs. Finally, we motivate our novel DVFS predic-
tion mechanism.

2.1 Background
Cache-Coherent NoCs In this work, the NoC provides the com-
munication infrastructure for a shared-memory CMP that relies on
a directory-based cache coherence protocol. Here, NoC traffic con-
sists of messages defined by the coherence protocol (e.g., MESI,
MOESI), such as data requests and replies, acknowledgements (e.g.,

ACK, NACK), and invalidation requests, which are sent between
communication end points. Communication end points are cache
controllers, directory controllers, and memory controllers. In gen-
eral, NoCs are oblivious to the type of traffic they transfer; we ex-
ploit properties of cache coherence traffic. Specifically, we use the
predictability of destination sets [15], which are defined by the col-
lection of processors that receive an individual coherence request.
Therefore, our work is fundamentally tied to cache-coherent NoCs.
DVFS Dynamic voltage and frequency scaling can adaptively de-
crease the supply voltage by reducing the switching frequency. This
can achieve significant power and energy savings (energy consump-
tion is reduced quadratically with the decrease of voltage), but may
incur various performance penalties due to lower switching fre-
quency. Therefore, DVFS must carefully trade off power and en-
ergy consumption with performance.

Voltage and frequency islands (VFIs) [18] allow for fine-grained
adjustment of voltage and frequency (V/F) levels throughout the
NoC. Coupled with globally asynchronous, locally synchronous
design in which a CMP is divided into individual tiles operating
with their own clock and voltage domains [17], designers can ex-
ploit both temporal and spatial variation in NoC traffic to reduce
power consumption during runtime. Recent developments in on-
chip voltage regulators [21] are key enablers for fine-grained VFIs.

2.2 Related Work
We focus our discussion of related work on DVFS mechanisms

for NoCs and coherence prediction.
DVFS Work on DVFS for NoCs can generally be divided into sin-
gle V/F domain scenarios and more fine-grained designs based on
multiple VFIs. Policies for a single V/F domain usually measure
some network performance metric, such as injection rate [14] or
Average Memory Access Time (AMAT) [6] and adjust the entire
NoC’s voltage reactively. Won et al. [23] rely on Artificial Neu-
ral Networks to predict program phase patterns and their influence
on NoC traffic. Their proactive DVFS approach allows for addi-
tional energy savings without degrading performance. Our work
also focuses on proactive DVFS policies, but applies them to VFI-
based DVFS instead of a single V/F domain, because it allows us
to exploit more fine-grained spatial and temporal traffic variations.
While VFI-based DVFS incurs more interfacing overhead [14], the
goal of our work is to mitigate the additional overhead by increas-
ing DVFS efficiency.

VFI-based DVFS policies include dynamic voltage scaling of
individual links [20] and an approach based on a fractional state
model [5]. DVFS can be applied by monitoring queue occupancy [7]
on the Intel SCC [11] or using a combination of link utilization and
buffer occupancy [19]. Mishra et al. [16] use the buffer occupancy
of neighbouring routers to adjust the V/F level of upstream routers.
These proposals rely on purely network-related metrics and use a
reactive DVFS approach. Our work differs from prior work in that
it makes proactive predictions about the future NoC state and that it
relies on coherence communication, as an application-centric met-
ric, rather than purely network-based metrics.
Coherence Prediction Cache misses in directory-based coherence
protocols rely on indirections through the directory for cache-to-
cache communication, which incurs additional latency. Destination
set predictors can improve miss handling latency by predicting the
destination of a coherence request instead of a costly indirection to
the directory [15]. Demetriades et al. [9] improve the prediction
accuracy of destination set predictors by exploiting the inherent
correlation between synchronization points in a program and co-
herence communication. Our work is based on their findings and
applies it to DVFS for cache-coherent NoCs.



Coherence property Derived NoC property Possible action

Destination set
(Destinations and
corresponding volume
of messages)

Bandwidth requirements
(Exact location and volume of traffic)

DVFS
Power gating

Traffic flows Set up forwarding paths, adaptive routing
Hotspot prediction Adapt routing, throttle injection
Buffer requirements Dynamic buffer allocation

Type and mix of
coherence messages

Criticality/priority Adjust QoS
Volume and burstiness of traffic Resource allocation (bandwidth, circuits)
Average packet size Buffer requirements
Are responses expected? Set up circuit/return path

Table 1: Relation between coherence communication properties and their NoC implications
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Figure 2: Channel utilization prediction

2.3 Motivation
In this section, we first show how current DVFS solutions fail to

predict future traffic demands and explore why traffic prediction in
NoCs is a difficult problem. Next, we show how properties of the
cache coherence protocol can improve prediction accuracy.

Although recent DVFS approaches improve NoC energy effi-
ciency by adapting network bandwidth based on spatial and tem-
poral variations in traffic requirements [5, 20], they are mostly re-
active and focus on general network-related metrics and thus do not
immediately take changes in application behaviour into considera-
tion. For good power and performance results, DVFS needs to be
aware of an application’s network demands ahead of time and needs
to be tuned to fluctuating network bandwidth requirements based
on the actual application’s requirements and not a proxy value that
may not correlate well.

Common proxies include link utilization [20], buffer occupa-
tion [7], injection bandwidth [14], and round-trip delay [6]. Based
on the individual metric’s past behaviour in a local network context,
the voltage and frequency of either individual links [20] or entire
routers [16] are adjusted. However, we do not find a strong, intu-
itive correlation between these metrics and the actual future band-
width demands. For example, simply because a link has been uti-
lized heavily in the past, does not guarantee that it will show the
same behaviour in the immediate future. This is especially true for
sporadic changes that occur with the phase-based communication
behaviour seen in CMP workloads [1]. To demonstrate this mis-
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Figure 3: Prediction error for channel utilization in PARSEC
benchmarks

match, we pick a random interval from fluidanimate executed on a
4×4 mesh NoC, and show one link’s actual utilization compared
to its predicted utilization in Fig. 2. The particular prediction al-
gorithm used in this experiment [20] results in a prediction error
of 270% because there is no obvious correlation between past and
future behaviour. We measure the prediction error to be 39% on av-
erage across a selection of PARSEC [3] benchmarks, as shown in
Fig. 3. Prediction mechanisms that focus on these types of network-
related metrics have limited accuracy; DVFS mechanisms that rely
on their predictions perform poorly. Consequently, there exists a
need for more accurate traffic prediction to improve NoCs power
efficiency using DVFS.

NoC traffic prediction is difficult; the NoC is a shared communi-
cation medium which transmits the traffic of several sources simul-
taneously. This leads to the overlap of individual traffic flows at
each router. Additionally, each thread running on a different core
may be in a different state and therefore exhibit changes in com-
munication behaviour. Each node experiences interleaved traffic
behaviour from different threads at different times. We need to un-
derstand the origin of the traffic to make proper assumptions about
their behaviour and their individual contributions to the entirety of
the NoC’s traffic. Once we are able to understand and predict the
communication behaviour of each individual thread at its source,
we can derive their contributions to the local context of a router or
link and thus deduce a global picture of the upcoming bandwidth
requirements.

In cache-coherent NoCs, the traffic at each source consists of
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Figure 4: Communication distribution of Core 0 in fluidanimate: (a) as seen during the whole execution. (b) as seen during the execution of
four consecutive fixed-time sub-intervals. (c) as seen across four different dynamic instances of the same sync-defined interval

messages defined by the coherence protocol, i.e., data requests and
replies, invalidations, ACKs, sent between cache, directory, and
memory controllers. In Table 1, we take a detailed look at how cer-
tain properties of cache coherence traffic can influence NoC met-
rics and be exploited by the NoC. For example, certain types of
coherence messages are followed by a direct response; NoC perfor-
mance could be improved by anticipating this response and setting
up an optimized return path. While many interesting NoC-related
properties can be derived from coherence protocol messages, we
are mainly interested in temporal and spatial variations of band-
width requirements; thus we limit the scope of our observations
to the volume of data communication between source/destination
pairs over time, which is defined by the amount of coherence mes-
sages exchanged. Since coherence messages generally follow more
regular and predictable patterns [15] than aggregate bandwidth in
the network, we use them to derive more accurate predictions about
upcoming NoC bandwidth requirements.

Fig. 4 demonstrates how we can use synchronization points and
destination sets to expose more predictable traffic patterns. Fig. 4a
shows the communication volume between core 0 and all other
cores over the entire runtime. If we analyze the communication vol-
ume per destination for fixed time intervals (Fig. 4b), distinct pre-
dictable features that could be used to predict core 0’s bandwidth
contribution do not emerge. Recent work by Demetriades et al. [9]
uses an application’s synchronization points as interval boundaries,
rather than predetermined, fixed time intervals. Synchronization
points, such as locks, barriers, joins, etc. indicate points when cer-
tain data private to a processor will become visible–and possibly be
communicated–to other processors. Synchronization points likely
indicate behaviour change and thus the data communication fol-
lowing different instances of the same synchronization point should
be more predictable and have greater repeatability. In Fig. 4c, we
demonstrate how the granularity of synchronization-based intervals
exposes repeatable and predictable traffic patterns when communi-
cation volume is tracked per synchronization point.

Synchronization-based intervals allow us to create highly accu-
rate destination set predictors, which we can use to determine tem-
poral and spatial bandwidth requirements throughout the NoC to
trigger informed DVFS decisions. To the best of our knowledge,
this work is the first to predict NoC-related metrics derived from
the behaviour of cache coherence communication.

3. IMPLEMENTATION
In this section, we describe how DVFS based on coherence pre-

diction can be implemented in hardware and detail the prediction
algorithm.

Our design is presented in the context of a Global Asynchronous
Local Synchronous (GALS) 2D mesh NoC design [17]. In this
implementation, we assume separate voltage-frequency islands for
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Figure 5: Overview of the architecture.

each router.1 Fig. 5 shows an overview of the architecture. In ad-
dition to an existing router-based DVFS mechanism, the architec-
ture adds two modules at each tile: a Coherence Prediction Engine
(CPE), co-located with the cache and directory controllers, and an
Accumulation and Decision Module (ADM) in every router. The
basic idea is that CPEs predict future NoC communication require-
ments based on coherence behaviour and communicate those pre-
dictions through the NoC. ADMs in the routers then collect this
data and evaluate it to make appropriate changes to the voltage and
frequency levels.

3.1 Coherence Prediction Engine (CPE)
The CPE is the main architectural component of our implementa-

tion. It is designed to accurately predict future NoC communication
based on current and previously experienced coherence behaviour
and then send that data to relevant ADMs. To extract relevant data
from the coherence protocol, the CPE is connected to the coherence
controllers (cache and directory) at its tile and monitors their traf-
fic. It records synchronization epochs (sync-epochs) along with the

1Implementations with different granularities of VFIs [18] are pos-
sible with only minor adjustments.



corresponding communication set (traffic volume per destination)
and later predicts NoC traffic based on those recordings.
Sync-Epoch Based Prediction As briefly motivated in Sec. 2.3
and described in more detail by Demetriades et al. [9], synchronization-
points (sync-points) can be used for accurate communication set
prediction. A sync-point is an execution point at which a soft-
ware synchronization routine is invoked (e.g., barrier, join, wakeup,
broadcast, lock, unlock). Each sync-point can be identified by its
type, its static calling location (program counter), and a dynamic
ID, which expresses multiple dynamic instances of the same static
sync-point. Sync-epochs define the execution time between two
consecutive sync-points. Therefore, each sync-point marks the end
of one sync-epoch and the beginning of the next. Sync-points are
executed repeatedly and create a sequence of dynamic instances
for each sync-epoch. As these instances exercise the same or sim-
ilar code and operate on the same (or related) data structures, it
is likely that there are behavioural similarities between them [8].
Such similarities may also be reflected in the communication be-
haviour. We use this property to recall past communication pat-
terns at a sync-epoch granularity to predict future communication
sets. Sync-epoch based prediction requires synchronization primi-
tives to be exposed to the hardware.
Prediction Table A prediction table keeps track of past communi-
cation sets. During the execution of a sync-epoch, communication
counters monitor the spatial distribution of the traffic that origi-
nates at a particular node. At the end of a sync-epoch, the current
communication set is stored in the prediction table and a predic-
tion is made for the next sync-epoch. For this prediction, previ-
ously stored communication sets for the current static sync-point
are retrieved from the prediction table. Each table entry holds a
sequence of communication sets for a single static synch epoch.
Each communication set holds N w-bit integers, representing the
amount of traffic to the N possible destinations in a NoC with N
nodes. w is a design parameter that we chose as 8. Empirically, the
amount of traffic to a single destination during a sync-epoch never
exceeded 100,000 flits, so a 17-bit integer is able to hold this in-
formation. At the same time, we determined that small values (less
than 512) are insignificant for our purposes, so we truncate the 17
bits down to 8 to minimize storage overhead. Table entries are in-
dexed with the program counter of the sync-epoch. Since none of
the PARSEC benchmark includes more than 64 static sync-points
and prior work [9] suggests a history depth of 2 as sufficient for
most traffic patterns, we design the prediction table with 128 en-
tries. Therefore, the storage requirement for a single prediction
table is 128× w ×N = 2KB for a 16-node NoC.

Once a prediction has been retrieved from the prediction table,
the CPE sends single-flit control packets containing the 8-bit traffic
volume prediction for the new sync-epoch to each of the destina-
tions recorded in the communication set. These control flits are
injected into the NoC alongside regular data packets and do not re-
quire a separate control network. The overhead caused by control
flits is minimal (∼ 0.2% ) due to the low frequency of sync-points.

3.2 Accumulation and Decision Module (ADM)
The ADM (Fig. 5) collects the bandwidth prediction from those

control flits that pass through a specific router. Per-destination con-
trol flits traverse the same route through the NoC as their corre-
sponding traffic flow when using a deterministic routing algorithm
such as dimension-order routing. These control flits carry the im-
pending bandwidth requirements between a source-destination pair
during the upcoming sync-epoch. The ADM extracts the band-
width prediction from all control flits that pass through and accu-
mulates them to gauge the impending aggregate bandwidth require-

ments for all relevant traffic flows.
Each ADM keeps track of all bandwidth requirements in ag-

gregate, instead of storing individual traffic flow bandwidths for
each source-destination pair. This allows us to reduce the stor-
age requirements per router significantly by only saving its aggre-
gate bandwidth prediction in a single register. Control flits passing
through an ADM indicate a change in bandwidth requirements for
a specific source-destination pair by containing a delta value (dif-
ference between its previous prediction and its current prediction),
which is used to update the ADM’s aggregate bandwidth predic-
tion. For example, let us assume that router 6’s ADM currently
holds an aggregate bandwidth prediction of 20000 flits in its reg-
ister, when a new control flit from router 0 on its way to router 10
passes through. It carries a value of -4000, because the communi-
cation set prediction at router 0 predicted 4000 fewer flits will be
sent to router 10 during the current sync-epoch compared to the last
sync-epoch, which will update the aggregate bandwidth prediction
at router 6 to 16000 flits.

Based on the aggregate BW prediction, the ADM makes a deci-
sion regarding the V/F level of its router and communicates this to
the voltage regulators. We use empirically determined static thresh-
olds to map bandwidth ranges to V/F levels (Table 3). Decisions
are made whenever a new control flit arrives–after the aggregate
BW has been updated. Initially, we enforced minimum intervals
between V/F updates as a safety measure against too frequent up-
dates to limit transition overheads. However, we found them to
be unnecessary due to sufficiently spaced control flits (millions of
cycles).

3.3 DVFS mechanism
Our implementation uses per-core on-chip DVFS, where each

router represents a different VFI. We adopt the two-step voltage
regulator configuration as proposed by Kim et al. [13]. An off-chip
regulator performs the initial step down from the supply voltage
to 1.8V, followed by multiple on-chip voltage regulators. The on-
chip regulators operate at 125MHz switching frequency and pro-
vide voltage transitions between 1.25V to 0.8V. This allows for
router frequencies ranging from 1.0GHz to 2.25GHz. The routers
can operate at the lower frequency during frequency step-down by
quickly ramping down the frequency before the voltage steps down.
For stepping-up the frequency using DVFS, we first step-up the
voltage before ramping up the router frequency. The overhead in
every transition is primarily the voltage settling time which is 13ns
for every 100mV change [13]. Therefore, due to higher than re-
quired voltage during step-down (and lower frequency during step-
up), the power consumed by the router during a transition lies be-
tween the values before and after the scaling. All our evaluations
take this overhead into account. It is important to note that the en-
tire mechanism, including CPE and ADM, works asynchronously
and can therefore be implemented off the critical path.

3.4 Discussion
Here, we discuss some of the implementation details that are not

directly related to the architecture.
VFI Granularity Our particular implementation relies on router-
based voltage frequency islands, however coherence prediction can
also be used for different granularities of VFIs with minor modi-
fications. It is equally applicable to cluster or region-based DVFS
[18] by using one ADM per cluster, instead of one per router. In
this case, the ADM would keep track of cluster-based bandwidth
requirements. Alternatively, by using one ADM per link, very fine-
grained DVFS could be implemented.
Topology and Routing The way bandwidth predictions are com-



# of Cores/Threads 16/16, 1GHz
L1 Cache (D & I) private, 4-way, 32KB each, 64 Byte Blocks

L2 Cache shared, distributed, 8-way, 512KB each
Cache Coherence MOESI distributed directory

Router wormhole, VC, 3 stages, 2GHz, DOR
VCs/Buffer Depth 4/4 Flit, 8 Bytes
Control Interval 100,000 cycles at 1GHz

Table 2: Simulation parameters

Voltage level [V] 0.8 0.85 0.9 1.0 1.1 1.2
Frequency level [GHz] 1.0 1.25 1.5 1.8 2.0 2.25
BW range [104 flits] <1 1-2 2-4 4-7 7-8 >8

Table 3: DVFS parameters and mapping from ADM’s aggregated
BW prediction to corresponding V/F levels

municated through the NoC and accumulated at the routers, cur-
rently relies on a deterministic routing algorithm. We require that
control flits take the same path as other packets belonging to a spe-
cific traffic flow. Adjusting the implementation for adaptive rout-
ing algorithms is possible, but would be slightly more complicated.
Bandwidth estimates per path would need to be probabilistic and
account for path diversity. Control flits would need to be sent along
each possible path between two nodes.
Optimizations We consider several optimizations to our base im-
plementation, which can be used to trade off implementation cost
and prediction accuracy, as well as bandwidth overhead. For ex-
ample, the number of control flits sent can be reduced by omitting
minor updates to the bandwidth prediction and instead bundling
multiple minor updates into a single, less frequent control flit. An-
other optimization addresses the storage overhead of both CPEs
and ADMs. Instead of keeping track of exact bandwidth numbers,
coarse bandwidth categories (e.g., low, medium, high) could be de-
fined. Prediction tables and ADMs would then store and operate
on these less-accurate categories. We evaluate this optimization in
Sec. 4.
Lack of Sync-Points and Fallback If no history exists for a par-
ticular sync-epoch, or a substantial mismatch between predicted
bandwidth and actual bandwidth is detected, the CPE performs a
new prediction based on recent communication history and ADMs
are updated accordingly. As a fallback to prevent severe perfor-
mance penalties in the case of mispredictions, routers additionally
monitor their buffer occupancy and can override the bandwidth pre-
diction if occupancy levels exceed a predetermined threshold.

4. EVALUATION
In this section we describe our experimental setup and subse-

quently evaluate our proposed prediction mechanism. Our baseline
platform is a 16-core CMP with a 2-level cache hierarchy, split, pri-
vate L1 caches, and a distributed, shared L2 last-level cache. Cache
coherence is maintained via a MOESI directory cache coherence
protocol. The NoC topology is a 4×4 2D mesh, with each router
attached to a single processor core. Table 2 summarizes the base-
line CMP setup. Simulation experiments are performed using the
gem5 [4] full system simulator, with the Ruby memory model and
a modified version of BookSim [12] for cycle-accurate NoC sim-
ulation. The benchmark applications are taken from the PARSEC
benchmark suite [3]. Each application is executed for 100 million
cycles within its region of interest (ROI), using the simmedium in-
put set. We use DSENT [22] to model delay, static and dynamic
power for a 22nm process. Additionally, we implemented an RTL
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Figure 6: Power results

model of our mechanism on top of the standard BookSim router
RTL implementation by Becker [2]. Synthesis using Synopsys De-
sign Compiler with a TSMC 65nm standard library confirms the
DSENT model and results in 0.3% area overhead per tile.

To focus on the evaluation of the NoC DVFS mechanisms, the
core frequency is fixed at 1GHz throughout the simulations. We use
6 frequency levels between fmax = 2.25GHz and fmin= 1.0GHz
for the NoC (see Table 3). For each frequency, there is a corre-
sponding voltage level between 1.2V and 0.8V, which is roughly
the minimum voltage allowing correct operation. We assume that
each step V/F level change takes 100 core cycles (100 cycles per
step is sufficient assuming on-die regulation [21]). During V/F
transitions, the router operation is halted. All V/F related parame-
ters are inspired by the Intel SCC [11] DVFS implementation.

We compare the following 5 mechanisms; the last two are our
proposals in this work:

• 2D Mesh-2GHz: The baseline mesh constantly operates at
2GHz

• FreqThrtl: Proposed by Mishra et al. [16] as a reactive
mechanism that adjusts V/F according to local congestion.
Routers operate at 0.8*fbase (fbase=2.0GHz) without con-
gestion and faster in a congested state.

• DVFSL: Proactive DVFS mechanism, proposed by Shang et
al. [20] that relies on buffer occupancy and channel utiliza-
tion to adjust link V/F. Instead of link V/F, we use their al-
gorithm to adjust router V/F to provide better comparability.

• CoP-Coarse: Coherence Prediction using sync-epochs and
bandwidth categories instead of exact bandwidth estimates.

• CoP: Coherence Prediction using sync-epochs with exact
bandwidth predictions

We chose FreqThrtl and DVFSL, because both are mechanisms
that use VFI at a router granularity–one represents a reactive DVFS
mechanism (FreqThrtl) and the other is predictive (DVFSL).

Normalized power results are displayed in Fig. 6. Naturally, the
baseline uses the most power, because it cannot scale down its volt-
age or frequency. Compared to the baseline, our best mechanism
can reduce power consumption by 41%, while the performance
only degrades by 3% (Fig. 7), which leads to a power-delay reduc-
tion of 39% (Fig. 8). Both, FreqThrtl and DVFSL perform better
than the baseline in terms of power consumption, but worse than
any of our proposed mechanisms.
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Figure 7: Performance results
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Figure 8: Power delay results

FreqThrtl suffers from the fact that buffer utilization is gener-
ally low for PARSEC benchmarks and only rarely exceeds its con-
gestion threshold to increase the frequency. Hence, all routers op-
erate at 1.5GHz (0.8*fbase) for most of the time, which leads to
17% power savings, but at the same time performance drops sig-
nificantly due to the slow routers. We tried to adjust FreqThrtl’s
buffer utilization thresholds to gain a more even distribution of fre-
quency states, but the low buffer utilization prevented us from find-
ing a suitable setting. Depending on the chosen threshold, either all
routers were running at fbase, or all routers were running at 0.8*
fbase with little variation in between.

DVFSL performs better than FreqThrtl, but is negatively affected
by a high prediction error rate, which result in non-optimal V/F
choices. Fig. 9 shows that DVFSL’s mean average percentage er-
ror (MAPE) for predicting buffer occupancy and channel utiliza-
tion is 39%. CoP, on the other hand, is able to predict the band-
width requirements per router with 87% accuracy on average. The
high prediction accuracy is the main reason for making correct and
beneficial DVFS decisions. CoP-Coarse trades off prediction ac-
curacy (26% error rate) for smaller prediction tables, which leads
to 8% worse power consumption and 3% lower performance. At
the same time, it reduces storage overhead for prediction tables in-
side the ADMs by 75% to 512B each. These results emphasize the
importance of accurate, proactive DVFS decisions in order to save
significant amounts of energy while not degrading performance.
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Figure 9: Prediction error
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Design space exploration To provide more insight into the choice
of some of our parameters, we performed a design space explo-
ration for the amount of different V/F levels provided by the DVFS
mechanism, and the history depth of the CPE’s prediction table. In
Fig. 10 we measure the reduction of dynamic power consumption
when the number of V/F levels is increased for CoP. The results
show each V/F level’s contribution to the total dynamic power con-
sumption, as well as how much additional power can be saved by
adding another V/F level. We found that providing more than 6
V/F levels leads to diminishing returns. From Fig. 11 it is evident
that a prediction table history depth of more than 2 also leads to di-
minishing returns for the prediction error. While costly in terms of
area and power consumption, adding a second entry for the history
depth significantly reduces the prediction error by 15% due to the
added ability to recognize alternating patterns across sync-epoch
instances, which occur relatively frequently.
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5. CONCLUSION
The NoC constitutes a significant and increasing part of over-

all CMP power consumption. This work focused on a novel pre-
diction mechanism for improved VFI-based DVFS in order to re-
duce power consumption while maintaining performance. Instead
of predicting bandwidth requirements using unrelated metrics or
in aggregate throughout the network, this work uses sync-epoch
based cache coherence prediction to reliably predict individual traf-
fic flows. The individual traffic flows are then used to infer ag-
gregate bandwidth demands in the network that enable informed
DVFS decisions. A high prediction accuracy of 87% leads to an
improved power-delay product of 39%.
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