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Abstract—We propose a run-time distributed and dynamic
scheduling protocol for Quality-of-Service oriented Networks-on-
Chip implementing Time Division Multiplexing of the channels.
Our protocol automatically allocates the channel time-slots ac-
cording to the specific routing algorithm implemented by the
routers and the communication requirements of the applications
currently executing. We present a theoretical analysis to model
the protocol performance based on the traffic characteristics and
to optimize the configuration of the NoC architecture which we
propose to implement the protocol. This architecture relies on two
independent and parallel networks: the first network transfers
QoS-demanding data while the second is used to control the first
and for best-effort traffic. System-level simulations demonstrate
the effectiveness of this approach by showing that the runtime-
generated reservation requests for QoS-demanding data are
accepted by the NoC with very low blocking probability and that
once a reservation has been established the requested latency and
throughput guarantees are consistently met.

I. INTRODUCTION

Networks-on-Chip (NoCs) are now considered the most
promising solution to overcome the limitations of traditional
bus-based architectures and satisfy the communication require-
ments of future Systems-on-Chip (SoCs) [1], [2]. In particular,
future interconnects must provide a set of key features includ-
ing: guaranteed latency and throughput, fairness on the access
to the shared resources e.g., memories and accelerators, and
task isolation to partition the execution of the applications run-
ning in parallel on the SoC [3]. Many NoC architectures pro-
posed in the literature rely on the Time-Division-Multiplexing
(TDM) of the channels to satisfy these requirements [4], [5],
[6], [7], [8]. In fact, multiplexing multiple messages on shared
channels offers many advantages such as the elimination of the
delays generated by the contentions in the NoC routers and the
reduction of the overall communication delays. Additionally,
when the applications to be supported are known at design
time, the NoC architecture, and in particular the size of the
buffers in the router and network interfaces, can be optimized
while guaranteeing the requested performance [9].

On the other hand, future SoCs will integrate an increas-
ingly large number of heterogeneous cores to match the
high-performance and low-power consumption requirements
demanded by portable devices such as smart-phones and tablet
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Fig. 1. Distributed-scheduling in a NoC with a PF-cycle of 5 frames and
dp = 1. Two independent messages: the green (diamonds) and red (circles)
share the two links across the rx, ry and rz routers.

PCs [10], [11], [12]. The combination of programmable cores,
reconfigurable cores, and specialized accelerators, which will
be powered-up only when necessary [13], will make the NoC
traffic vary greatly at run-time and very difficult to predict at
design time. To address this challenge we propose Pipeline
Forwarding (PF), a connection-based distributed scheduling
protocol that builds on top of a synchronous TDM interconnect
and can establish dynamic unidirectional connections between
NoC nodes that remain active as long as the application
task requesting them remains active. The proposed protocol
is similar to the packet-switching protocols proposed for
MAN and WAN networks [14], [15] which can be efficiently
implemented in the SoC domain thanks to the common clock
signal found in synchronous NoCs' and the low complexity
of the router and network interface implementation logic.

As discussed in more detail in Section VI, most of the
NoCs which use TDM rely either on the static assignment
of the time-slots of the channels done at design time or on
a centralized node that computes the semi-optimal time-slots
allocation of the NoC resources at runtime [7], [17], [18],
[19]. Instead, our protocol relies on a distributed and dynamic
reservation algorithm that is implemented collectively by all
routers and network interfaces and does not use any centralized
node to govern the definition of the connections.

II. PIPELINE FORWARDING

Pipeline Forwarding is a connection-based distributed
scheduling protocol that relies on a synchronous NoC with
TDM channels to schedule the transmission of messages along
the paths of the interconnect. The outcome of the scheduling
procedure is that the data flits (flow-units) traversing the
network are never delayed by a contention to access any

INotice that state-of-the-art multi-core architectures, such as the Intel
SCC [16], may have multiple clock domains but typically have a single-clock
domain for the NoC connecting the cores of the system.
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given channel. The distributed scheduling protocol uses a
time-reference structure common to all components of the
interconnect. This structure is composed by frames (or time-
slots) lasting one network-clock cycle and by PF-cycles that
are a fixed sequence of C' frames.

Fig. 1 shows the time expressed in network-clock cycles
divided in PF-cycles of five frames and where the west links
of routers 7x and 7y are assigned to two different messages,
respectively the green (diamond) and the red (circle) messages
and forwarded according to the immediate forwarding rule
presented below.

A source network interface NIg requests a Guaranteed-
Service (GS) connection towards a destination network in-
terface NIp by initiating a link-reservation procedure. This
procedure is used to identify on each router on the path
between NIg to NIp, a set of frames in the PF-cycle that
can be reserved without contentions. If the set-up is successful
the connection remains available until NIg terminates it. At
each step of the link-reservation procedure, frames are selected
according to the immediate forwarding rules defined as:

1) all flits to be sent during the frame ¢ by a router must
be received at frame ¢ — dp, where dp is the forwarding
latency of the data-routers;

2) a flit sent by router r; during frame ¢ must be forwarded
by the downlink router r;,; at frame t + 6p>.

These rules force the routers to forward incoming flits im-
mediately after the router-processing pipeline, thus minimizing
the network-transfer delay and reducing the router buffering
requirements®. We refer to the set of frames that respect the
forwarding rules along the path between source and destination
network interfaces as schedules.

The reservation procedure then is a solution for the dis-
tributed scheduling problem of finding a set of available
schedules valid for reservation. The sub-set of available sched-
ules selected to satisfy a specific connection request is called
a Synchronous Virtual Pipe (SVP). After being established,
an SVP offers a guaranteed service in the sense that: i)
the delivery delay is deterministic and depends only on the
distance between NIg and NIp, and the number of frames
per PE-cycle assigned to the SVP; ii) the bandwidth supported

2Note that here we do not consider pipelined links. However it is possible
to design PF-aware repeaters that are compliant with the forwarding rules and
the reservation procedure presented in Section II-A.

3The original work on PF for wide-area networks [14] defines also
more complex forwarding rules, but these solutions are not suitable for the
embedded systems because they require large router-buffer capacities.
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by that SVP, i.e. the number of flits that are delivered to the
destination during a PF-cycle, is deterministic and a function
of the number of frames over the PF-cycle assigned to the
SVP.

A. Distributed Resource Reservation

PF maintains the distributed scheduling through the global
network-clock and through dedicated data structures (bit-
vectors) called availability vectors. All routers of the control-
network maintain a C bit-wide register called link availability
vector | on each I/O port. Each element ¢ of a l'is associated
to the i** frame in the PF-cycle and its value indicates the
reservation status of that frame on the link connected to that
output port. The bits in a link vector [ are defined as:

i1 {

Similarly way each NI has a source availability vector
§ defined as:

1= {,

To initiate an SVP, a NIg sends a reservation-request
message to NIp through the control network. The message
contains the address of NIg, the bandwidth requirement o
indicating the number of frames per PF-cycle required for
the SVP, and a call availability vector ¢ . The value of the
parameter « is decided either in a static way at the NoC-
design time or dynamically by NIg according to the needs of
the currently-executed application.

The ¢ vector is used to collect a snapshot of the reservation
status of the frames on the links traversed by the reservation-
request message towards the destination. The ¢ vector is
initialized as equal to the § vector of NIg. As shown in
Fig. 2(a), ¢ is updated at each router encountered on the path
in the following way:

1) ¢=r_shift(¢,ép)

2) &= combine(c, L)

if the i*" frame is reserved
if the #*" frame is available

0
1

o~

at the i*" frame the source can send a data-flit
0 at the ¢** frame the source can not send a data-flit

where 7_shi ft, is a function that shifts ¢ by dp times to the
right and combine performs a bit-wise Boolean AND between
¢ and the local l:,, which is stored on the output port p. Once
the reservation request reaches its destination, the bits of ¢ that
are set to 1 indicate the frames of the PF-cycle for which
there exists an available schedule. When the NIp processes
the request, it selects o frames among the available ones and
generates a reply message containing the address of the source



of the request and the availability vector 7~ whose bits are set
as follows:

= {;

Then, N Ip sends the reply message back to NIg along the
reverse path followed by the reservation-request message. As
shown in Fig. 2(b), upon the reception of the reply message
each router updates its local availability vector l_;, stored in the
output port used by the relative request by setting:

1) 7=1_shift(r,dp)
2) l, = update(ly, )

where [_shift shifts 7 by dp times to the left and update
subtracts the vector 7 from l_;,.

Fig. 2(b) shows the update procedure executed by the
control-routers when processing a reply message. NIp has
selected the third frame in vector 7 . Therefore when the reply
message reaches router 71, the vector 7 is left-shifted and the
local [ is updated by setting [,[1] to zero. The reservation
procedure is completed when the reply message reaches N g
and the local vector § is updated with the value of 7. At this
point the SVP is established and NIg can send the data-flits
into the pipe according to the values of s and a frame-counter
that indicates the current frame within the PF-cycle.

When the connection is no longer needed, the SVP is
terminated by sending a tear-down message along the control
network. The tear-down availability vector ¢ of this message
is initialized with the local s and processed by each router as:

1) t'=r_shift(t,dp)

2) t= reset(t, l;,)
where reset adds the vector £ to the local l_;,.

A link-reservation procedure may fail for two main reasons:
i) a requested link does not have sufficient free frames to
accommodate the requested o frames indicated in a ¢, or
ii) two or more 7 vectors have a contention for some frames
of a specific channel. We address the first issue by rejecting
the request through a clear message that is sent back to NIg
indicating the failure of the procedure. A clear message is a
standard reply message where all the bits of the 7 vector is
set to 1; the solution for the second issue instead is described
in the following section.

if the ¢*" frame is selected
if the ¢*" frame is not selected

B. SVP Setup through Atomic-Reservation procedure

When the reservation request message reaches a NIp, the
interface selects the frames to be assigned to the SVP. Since
the snapshot procedure is not instantaneous, contentions on
the frame selection may arise where one or more reservation
requests indicate as available the same frames for the same
router. Fig. 2(c) shows an example of a contention where two
reservation requests traverse routers rx and 7y to reach their
respective destinations, NIp, and NIp,. Because the two
reservation requests cross the shared link on rx’s west port
before a reply updates the I vector of this port, both network
interfaces may select the same frame on 7rx’s west port to
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establish the SVP*.To avoid conflicts, we use an Atomic-
Reservation procedure: we conservatively limit the number
of reservation requests that can traverse a link of the control
network before a reply is received. This solution uses a control
bit called atomic flag for each router output port and works
as follows:

1) when a reservation request message passes through the
output port of a router the relative atomic flag is set;
if another reservation request message reaches the same
output port before the first reply messages comes back,
the second reservation request is rejected and
the control router sends back to the N Ig of the rejected
request a clear message to indicate the failure;
upon the reception of a clear message a source must
re-attempt the SVP reservation request;
each router receiving the clear message resets the atomic
flag set for the aborted request;
the atomic flag of the router triggering the clear message
is then reset once the reply for the request message that
set it finally arrives.

Clearly the blocking and re-attempt of the reservation re-
quests lead to a probabilistic delay of the reservation proce-
dure. In the following section we present an analytical model
to study the blocking probability of a request and we justify
the choice of the simple Atomic-Reservation procedure.

2)

3)
4)
5)

6)

III. THEORETICAL QOS ANALYSIS

An SVP is an end-to-end independent time-invariant pipe
with deterministic delay, assured bandwidth and loss probabil-
ity equal to zero. Therefore data traversing the NoC through a
SVP experience: i) bounded end-to-end delay, and (i) neither
congestion nor data loss.

In the sequel we assume that a connection is established to
send one single message. This simplification of the real case
helps us in the definition of the statistical model and defines
a worst-case scenario for the real application where multiple
messages can use an already established connection.

Thanks to the deterministic operating principles of PF,
throughput and delay can be predicted with an analytical
model. If a is the number of frames requested for an SVP
on a C-long PF-cycle, the guaranteed bandwidth BW is:

BW:%, 1<a<C, (1)

In this model we study two types of delay that a NIg can
experience: i) the deterministic data-transfer delay given by
shaping delay Tsy and SVP delay Tsy p experienced by all
flits when crossing the network within a SVP; ii) the statistical
reservation delay T'r composed by the request queueing delay
Tw and by the SVP-setup delay Ts".

The shaping delay T'sy measures the delay elapsed at N1g
to forward the entire data message of size M into the SVP in

*Note that in the example of Fig. 2(c) there is only one set bit so the
conflict is certain.

SNote that the tear-down delay is negligible for the purpose of this
analysis because the tear-down message never delays the generation of a new
reservation request.
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accordance to the schedule resulted from the SVP setup phase.

This delay can be deterministically upper-bounded given the

data length M and the bandwidth reservation a/C' as follows:

TSH:{

The SVP delay Tsyp can be deterministically calculated
given the length of the path that data-flits take through the
network. According to the immediate forwarding rule, all flits
to be sent at frame ¢ by router » must be stored in its input
buffer during frame ¢ — dp. Hence, when a NIg selects a
destination that is distant H hops from the source, the SVP
delay experienced by all flits once they are injected into the

pipe is:

M-C -1, if o = 1;

C-a)(1+[EN)+(M-1), fl<a<C; @

Tsyp =6p-H ©)

where ¢p is the number of pipeline stages at the data routers.
Fig. 3(a) shows the deterministic upper-bound of the sum of
the buffering and SVP delays as function of the bandwidth
reservation a/C. In principle, the greater the bandwidth
reservation, the lower the delay independently of the PF-
cycle length C. When the whole PF-cycle is allocated to a
single SVP, a flit is forwarded into the pipe at every clock
cycle. Therefore T'syp depends only on the amount of data
M to be transferred and the delays coincide for all the C
values of Fig. 3(a). For example, a message M of 1024 flits
crossing 8 hops experiences a delay Ts + Tsyp 1031
clock cycles, when the whole PF-cycle is allocated to a single
SVP. The reservation delay Tr = Tw + T is intrinsically
statistical because it depends on the blocking probability pp
that the SVP reservation requests experience on the control
network. Assuming that each network interface on the control
network can handle one SVP reservation requests at a time, the
network interface can be modeled as a queueing system where
requests are buffered waiting to be served. Moreover, assuming
that the IP cores perform reservation requests according to a
Poisson process, this system can be described with the M /G/1
queueing model following the well-known Kendall’s notation.
As a result, the mean request queueing delay at NIg E[Tw]
is given by the Pollaczeck-Khinchin formula [20]:
AS?
2(1-p)

E[Tw] = @)

ST,

SV Setup Delay [Clocks|

(b) Probability density function of the SVP
setup delay component as function of the reser-
vation request blocking probability.
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where p indicates the system utilization, A = % is the mean
arrival time of reservation requests at the network interface,
OL is the offered load measured as flit/cycle/node, and p is
the service rate. The mean service time S:

1
S = ; = E[1s]+Tsu +Tsvp 5)
and consequently the system utilization p = ﬁ
S?2 =F[S?] =05+ E[S]? (6)

Assuming that the probability for the IP cores to stall is
negligible and the N Ip processing delay equal to the control
router one, the minimum SVP-setup delay 7% is:

Ts =dc - 2H @)

where d¢ is the processing time of control routers. Therefore,
for a given pp, the probability-density function describing
the relative likelihood for the SVP setup delay to occur at
2Ty, V1 <z < oo is®:

(z—1)

P[Ts = QJTS] = PA - Dp (8)

where the probability for a reservation request to be accepted
pa is given by:

1
PA= o ©)
2P
=0
Accordingly, the mean SVP setup delay is given by:
E[Ts]=pay z T, p§ " (10)
z=1

Notice that the blocking probability pp is hard to compute
because it depends on static properties of the NoC such as
topology and routing as well as dynamic parameters such as
traffic pattern and offered load. For this reason in this analysis
we keep pp as a parameter to which we assign values derived
from the simulation model described in Section V.

Fig. 3(b) shows the probability-density function of the SVP
setup delay for different values of pg. The probability for T's
to increase because of the failure of multiple setup attempts is
given by P(Ts = xTs) when z > 1. According to Eq. 8,

According to the worst-case analysis, we assume that the penalty for a
blocked request is always 7.
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this probability grows as the blocking probability pp also
grows. Therefore, the probability of having a minimal setup
delay is P(Ts = Ts) which decreases for larger values of pg.
However, according to Eq. 8, the probability for a request to
be repeated multiple times decreases in a very sharp way for
each value of pg.

This important result justifies the implementation of the
Atomic Reservation procedure that uses low-complexity
routers at the price of higher blocking probability pg. Notice,
however, that even with a high blocking probability pp the
chances of a request of having multiple successive blockings
are very low, as shown in Fig. 3(b),

Fig. 3(c) shows the mean value of the queuing delay
E[Tw| experienced by reservation requests at the source NI as
function of the Offered Load (OL) when the queuing system
is stable (p < 1). The mean value of the queuing delay shows
a low correlation with pp whereas it is strongly dependent on
the data message length. This can be explained by looking at
the service time in Eq. 5. The SVP-setup delay 7Ts depends
on pp but since the probability for multiple consecutive
blockings of reservation request is very low, E[Ts] has a very
low correlation with pp. On the contrary, the shaping delay
Tsp sharply increases with M. Therefore, since the queuing
delay Ty is directly proportional to the service time, E[Tw]
increases more with M than with ppg.

Finally, the mean throughput G achieved by each IP core
in the NoC can be estimated as:

- M
E[Ts] +Tp + Tsvp.

Next, we describe the NoC architecture that we developed
to test the performance of the PF protocol.

an

IV. THE PF-NOC ARCHITECTURE

By leveraging the large availability of wires in the NoC
environment [21], [22], we propose a NoC architecture to
implement the PF scheduling protocol that consists of two
independent and parallel networks. We use a control net-
work for handling the link-reservation procedure described in
Sec. II-A and to deliver best-effort (BE) traffic and a data
network implementing the pipeline forwarding plane. The use
of two separated networks allows us to simplify the design
of the routers so that they can be optimized and configured
for the kind of network that they belong to (BE or GS) and
avoid necessary tradeoffs. For the current implementation of
both networks we opted for a 2D-Mesh topology but the
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architecture is not bounded to any specific topology (it just
requires the support of reversible paths).

Control Router: We implemented a standard input-queued
router (Fig. 4 (a)) with three virtual channels (VCs) for each
input port, and router-lever credit-based flow control [23].
To avoid protocol deadlock we used the strict ordering of
the messages allocating one VC for each message type [24].
In addition to these standard features, the control routers
implement the logic of the bit-wise operations described in
Section II-A. Finally for the reservation request and the reply
messages, which must follow the same path in opposite direc-
tions, the router implements the XY and YX routing algorithms,
respectively’.

Data Router: Thanks to the reservation procedure handled
by the control network, data routers have the very simple
architecture shown in Fig. 4 (b): they do not implement a
router-level flow control and data flits can be forwarded right
after being received. Hence their input queue size can be set to
one slot. To avoid complex and expensive routing tables data-
routers implement the XY routing algorithm that they compute
for every data-flit that they handle. This feature requires the
specification of the flit destination in all data-flits. Note that the
control and data networks do not need to be synchronous. The
only connection points between them in fact are the network
interfaces.

Network Interface: As shown in Fig. 4(c), NlIs are com-
posed by four main queues, a control and scheduling logic,
a frame counter to keep track of the current frame in the
PF-cycle and the register s . The control part uses two input
and output queues to store the incoming and outgoing SVP
reservation requests. The link to the control router is multi-
plexed with the output controller that handles the injection
of end-to-end credits for the flits from the data network. The
control block handles the generation of requests and updates
the scheduler. The scheduler uses the frame-counter to keep
track of the current frame and reads the s vector to regulate
the access to the link towards the data network. In this work
we limit NIs to support one incoming and one outgoing SVP
reservation request at the time. This restriction can be removed
by increasing the number of input and output queues and
adding an arbitration logic to handle them.

The PF-NoC avoids by construction deadlock and message-
dependent deadlock on the data network thanks to the link-

"Note that PF is orthogonal to the routing algorithm as long as this allows
requests and replies to follow the same path on opposite directions.
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reservation procedure. To avoid data overflow at Np we use a
credit-based end-to-end flow control [23] and we use the BE
network to deliver the end-to-end credits. The major drawback
of this approach is that credits travel along the control network
with no guarantees for the delivery delay. This can potentially
cause the underutilization of the bandwidth offered by the SVP,
thus breaking the “quality of service contract” defined during
the SVP setup. On the other hand, this solution is a good
compromise between efficiency and implementation costs.

V. EXPERIMENTAL RESULTS

We developed an event-driven simulator with detailed mod-
els of the NoC components, such as routers and network
interfaces and high-level models for the processing units that
are the sources of the network traffic. We analyzed the SVP
architecture with the well-known synthetic traffic patterns
Tornado and Transpose [23] as well as two realistic task
graphs, MWD and VOPD [25] on a 4 x 4 Mesh NoC.

In the following experiments the number o of frames
requested by each SVP is statically selected according to the
specific traffic pattern®. In particular, we chose o such that all
the SVPs traversing any given channel are supported and the
number of occupied frames is maximized. Formally: given a
task graph G(V, E) with V the set of tasks and E the set of
directed edges (representing the communication between the
tasks) and given the topology graph N (U, L) with U the set of
Intellectual Properties (IP) and L the set of links connecting
the IPs, the bijective mapping function 7 is defined as [26]:

n:V = U, st n(v)=mu,Vv, €V, Ju; €U (12)

Given a channel ¢; € L and the function ¢y, ny(c;) which
returns the number of SVPs passing through c;, the static
number « of requested frames for each SVP on a PF-cycle of
size C' is:

a=min(|C/¢(c)]), Vei € E (13)

Fig. 5 shows the maximum number of reserved frames on
a PF-cycle as function of the offered load (OL) which varies
between 0.1 and 1.0 flit per clock-cycle. The graph considers
a Transpose traffic pattern where an SVP is set-up to transmit
one single message whose size varies between 64 and 1024

8 An optimal value of c can be extracted by annotating the communication
requirements of the application at compile time [19]. Here we keep o constant
to simplify the analysis.

36

3500

Sim. M=64
‘Theo. M=6
Sim. M=128
Theo. M=128
Sim. M=256
Theo, M=256
Sim. M=512
‘Theo. M=512
Sim. M=1024
Theo:-ME#024-—

3000 F
2500 F
2000
-

3
1500 |

1000 |

Shaping and SVP Delay (clock)

0 :
0.1 0.12 0.14 0.16 0.18 02 022 024 026 028 03
Offered Load (Mi/eycle/node)

Fig. 6. Simulated and theoretical points of Shaping and SVP delay as function
of the offered load and the size of the message to be transferred.

flits. The figure shows that the average number of reserved
frames on a PF-cycle increases linearly with the offered load
until it reaches a maximum point where no more frames can be
allocated. Also, as expected, those SVP which are opened for
larger messages use more efficiently the network as relatively
less time is spent in setting them up.

In our analysis, the network is stressed up to the 90%
of the saturation point. Additionally to ease the comparison
between the theoretical model and the simulation results we
consider only data messages traveling along the longest path
for each given traffic pattern. As reported in Sec. III the delay
associated to an SVP consists of two components: one deter-
ministic and one statistical. Fig. 6 compares the theoretical
and simulation-based deterministic delays as function of the
offered load and the size of the messages to transfer along
an already-established SVP. In the figure, all points from the
simulation results match the curves of the theoretical model
and are orthogonal to the load stressing the network. This
indicates that the simulation results are correct and that the
QoS contract” is always respected.

To quantify the statistical delay Tz, we studied the prob-
ability for a SVP request to be blocked for the reasons
presented in Sec. II-B. Fig. 7(a) shows the total blocking
probability for different traffic patterns and different message
sizes. The blocking probability is below 2% for most cases,
especially the ones with large messages. In fact, the length of
the message to be transferred is inversely proportional to the
number of generated SVP-setup requests. The worst case is
given by the 64-flit long messages for the Transpose traffic
pattern. This poor performance is not surprising as this traffic
pattern forces very distant nodes (such us those at the opposite
corners of the Mesh) to communicate. Clearly this is a worst-
case scenario. In a well-designed SoC the notion of data
locality is an important design factor that can greatly affect
the network communication delay and the power consumption
of the system.

Fig. 7(b) shows the measured average queuing delay Ty
for SVP requests compared to the analytical curves of Eq. 4
plotted using the blocking probability pp from the simulation
traces. The delay increases with the offered load due to the
queuing effect of the requests to be satisfied at the network
interface. In accordance with the queuing theory, when the OL
becomes greater than 24, where S is the mean service time

g
expressed in Eq. 5, the system saturates. For example, in the
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Fig. 7. Simulation analysis.

Transpose traffic with messages of 1024 flits this value is close
to 0.3 flit/cycle/node’.

Fig. 7(c) shows the actual delay 7's taken by the system to
setup an SVP (after the queuing delay) compared to the curves
of Eq. 10. Clearly the SVP-setup delay has a minor effect
on the overall communication phase. For example the impact
of a high blocking probability such as the one registered for
Transpose and M = 64 contributes to the whole reservation
delay only by a 3%.

Fig. 8 shows the cumulative success probability as function
of the number of attempts. For most traffic patterns, the
probability of success at the first attempt is beyond 98%. In the
worst case, for the Transpose traffic, 100% is reached within
the first five attempts.

VI. RELATED WORK

The literature offers a rich class of NoC architectures which
leverage TDM mechanisms to support communication with
guaranteed QoS. The Athereal NoC was among the first in
this class of architectures: it is based on a router design which
supports both GS and BF traffic and it uses a highly optimized
mechanism for the static allocation of the frames which is
possible thanks to the design-time knowledge of the commu-
nication requirements of the target applications [4], [27]. ZElite
is an evolution of the Athereal NoC which also relies on the
static reservation of the channels based on the design-time
knowledge of the communication requirements [8].

Moreira, Marescaux etal. propose two TDM NoCs with
dynamic and centralized reservation of the channels. Given
the network status and the application requirements, a central
management unit computes a suboptimal channel resource
reservation to support the new application [19], [28]. Our
approach differs from these TDM NoCs because we rely on
a distributed and dynamic resource scheduler instead of a
centralized manager.

Gebremichael, Goossens et al. discuss a distributed and
dynamic time-slot reservation procedure for the Athereal NoC
where the source decides which slots should be reserved to the
connection to be created and the procedure fails in case one of

9The curves differ because the analytical model captures a worst-case while
the simulation model reports the average values extracted from the traces
of the simulator. However, the simulated points are always lower than the
analytical curves as expected for the worst-case scenario.
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the requested slots are not available [29], [30]. In PF instead, it
is the destination that given the set of available SVPs indicated
in request (¢ ) selects which slots to use. The Athereal
approach in fact is optimal once the characteristic of the
application to support are known at design time, so that source
network interfaces can be statically assigned with a fix number
of frames (slots) to request in case a connection is needed. Our
protocol instead is more flexible because the source only needs
to know the number of frames to reserve in order to meet the
application requirements. Additionally, our NoC architecture
differs from ZAthereal because it relies on two partitioned
and parallel networks. Our approach reflects our previous
works where we show that simpler router architectures can
be beneficial for the overall interconnect performance [31].
QoS on NoCs can be achieved also without the use of TDM.
Srinivasan et al. propose an automated heuristic to generate
application-specific NoCs that is optimized to meet the la-
tency and throughput constraints known at design time [17].
Whereas Vellanki et al. guarantee QoS through a set of virtual
circuits which are selected according to a priority policy
optimized to deliver the requested bandwidth and latency [32].
The Mango approach also uses virtual channels to guarantee
QoS as part of an asynchronous NoC architecture. [5]. Guz et
al. propose a greedy algorithm that given a basic NoC configu-
ration and a set if application requirements (in terms of latency
and throughput) cyclically increases the storage capacity of the
routers traversed by the data-flows until the QoS constraints
are met [33]. A different approach is presented by Anders
et al. who propose an NoC implementing two networks: a
packet-switched interconnect to handle best-effort traffic and
control messages and a parallel circuit-switched network used
to transport guaranteed data [34]. The main differences with
our work are the NoC architecture and the handling of the
contentions during the link-reservation procedure.

VII. CONCLUSIONS AND FUTURE WORK

We proposed a distributed and dynamic scheduling proto-
col for TDM NoCs that allows us to setup and tear down
Guaranteed-Service connections between any source and any
destination network interfaces with limited failure probability.
We also presented an analytical model to predict the per-
formance of the protocol and to tune the parameters of the
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interconnect. The proposed protocol leads to a fairly simple
NoC architecture (PF-NoC) with minimal storage requirement.
The experimental results that we obtained encourage us to
continue the development of PF-NoC. Future work includes: i)
optimize the dynamic allocation of the frames to the different
SVPs; ii) explore the definition of classes of services to
expose the choice of the number of frames to reserve for a
given SVP to the user. iii) implement the PF-NoC in RTL to
obtain accurate power and area estimations; iv) improve the
reservation procedure to reduce the blocking probability for
long-distance communications; v) add support for best-effort
traffic in the control network; vi) explore adaptive routing
protocols to diversify the paths used by the GS connections
and improve the resource utilization of the NoC.
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