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Disclaimer

exact information are not always public
the meaning of words sometimes (...) differs
personal experience on limited set of chips
A good overview: “ISSCC TRENDS” http://isscc.org/trends
This and other related topics have been discussed at
length at ISSCC 2015, the foremost global forum for new
developments in the integrated-circuit industry.
Next session: Jan. 31 – Feb. 4 2016, San Francisco, CA
http://isscc.org

2/58

M. Boyer NOC

Outline
Many-cores are arriving
Trends
Theoretical limits
Architecture impact
Network on Chip
Overview
Routing
Contention
Other solutions
Tiles
Four selected solutions
Intel SCC
Spidergon STNoC
The Kalray MPPA
Intel Xeon Phi coprocessor
A real-time NoC ?
Conclusion
3/58

M. Boyer NOC

Outline
Many-cores are arriving
Trends
Theoretical limits
Architecture impact
Network on Chip
Overview
Routing
Contention
Other solutions
Tiles
Four selected solutions
Intel SCC
Spidergon STNoC
The Kalray MPPA
Intel Xeon Phi coprocessor
A real-time NoC ?
Conclusion
4/58

M. Boyer NOC

Outline
Many-cores are arriving
Trends
Theoretical limits
Architecture impact
Network on Chip
Overview
Routing
Contention
Other solutions
Tiles
Four selected solutions
Intel SCC
Spidergon STNoC
The Kalray MPPA
Intel Xeon Phi coprocessor
A real-time NoC ?
Conclusion
5/58

M. Boyer NOC

High-Performance Digital – 2015 Trends
Subcommittee Chair: Stefan Rusu, Intel, Santa Clara, CA

Some trends [TMC+ 15]

The relentless march of process technology brings more integration and energy-efficient performance to mainframes, enterprise and
cloud servers. ISSCC 2015 features IBM’s high-frequency 8-core, 16-thread System z mainframe processor in 22nm SOI with 64MB
of eDRAM L3 cache and 4MB/core eDRAM L2 cache. The SPARC M7 processor from Oracle implements 32 S4 cores, a 1.6TB/s
bandwidth 64MB L3 Cache and a 0.5TB/s data bandwidth on-chip network (OCN) to deliver more than 3.0x throughput compared
to its predecessor. 280 SerDes lanes support up to 18Gb/s line rate and 1TB/s total bandwidth. Intel’s next generation Xeon
processor supports 18 dual-threaded 64b Haswell cores, 45MB L3 cache, 4 DDR4-2133MHz memory channels, 40 8GT/s PCIe
lanes, and 60 9.6GT/s QPI lanes. It has 5.56B transistors in Intel’s 22nm tri-gate HKMG CMOS and achieves a 33% performance
boost over previous generations.
The chip complexity chart below shows the trend in transistor integration on a single chip over the past two decades. While the 1
billion transistor integration threshold was achieved some years ago, we now commonly see processors incorporating more than 5B
transistors on a die.
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The maximum core clock frequency seems to have saturated in the range of 5-6GHz, primarily limited by thermal considerations.
The maximum core clock frequency seems to have saturated in the range of 5-6GHz, primarily limited by thermal considerations.
Thetypically
nominal operating frequency of the power-limited processors this year is around 3.5GHz. Core counts per die are typically
The nominal operating frequency of the power-limited processors this year is around 3.5GHz. Core counts per die are
above 10,
with
above 10, with increases appearing to slow in recent years. Cache size growth continues, with modern chips incorporating
tens
of increases appearing to slow in recent years. Cache size growth continues, with modern chips incorporating tens of
MB
MB on-die..
The on-die..
trend towards digital phase-locked loops (PLL) and delay locked loops (DLL) to better exploit nanometer feature size scaling,
and reduce power and area continues. Through use of highly innovative architectural and circuit design techniques, the features of
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these digital PLLs and DLLs have improved significantly over the recent past. Another new trend evident this year is towards fully
M.
NOC
digital Boyer
PLLs being synthesizable
and operated with non-LC oscillators. The diagram below shows the jitter performance vs. energy
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Cache memory

More cores, and more cache
cache consumes few energy
cache is efficient
But...
how to ensure cache coherency with 32 cores ?
why ?
local cache or local memory ?
implicit or explicit communications ?
message passing vs shared memory

an old/new programming way
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Some limits [BC11, HM08]

Moore’s law
The transistor density doubles every generation.
Pollack’s rules
Performance (of a single core) is roughly proportional to square
root of the number of transistors.
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More limits [BC11, HM08]
Amdahl’s law
Given a program, with fraction f ∈ [0, 1] that can be executed in
parallel. Then, the speed-up with n cores is bounded by
1
(1 − f ) +
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Amdahl’s law
Given a program, with fraction f ∈ [0, 1] that can be executed in
parallel. Then, the speed-up with n cores is bounded by
1
(1 − f ) +

f
n

(1)

Gustafson’s law
Given a program, with fraction f ∈ [0, 1] that can be executed in
n
parallel, n processors allows to handle a problem n+f (1−n)
larger.
Corollary
With more processors, programmers find more parallelism in
problems...
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The power limit

Power consumption
W = CV 2 f
The capacity (C ) is technology dependant.
Cache memory uses few energy.
Mono/Quadri-Core
GPGPU
Many-core
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Power
150W
300W
30W

GFlop/Watt
7GF/W
10GF/W
70GF/W
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Symmetric multicores ?

Forecast [HM08, BC11]: next chips will have
a few “large” cores for sequential part
several “small” cores for parallel part
on the same chip ? (multi-core vs GPGPU)
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Network on chip

how to connect chip elements ?
NoC for SoC vs NoC for multicore
homogeneous vs heterogeneous system
access to main memory and IO

different approaches depending on manufacturer
less information than on cores
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From bus to NoC
A Survey of Research and Practices of Network-on-Chip

5

Fig. 3. Examples of communication structures in Systems-on-Chip. a) traditional bus-based communication,
b) dedicated point-to-point links, c) a chip area network.

Figure : From bus to NoC [BM06]

and design automation techniques and which make for seamless iterations across
all abstraction levels. Pertaining to this, the complex, dynamic interdependency of
data streams—arising when using a shared media for data traffic—threatens to foil
the efforts of obtaining minimal interdependence between IP cores. Without special
quality-of-service (QoS) support, the performance of data communication may become
unwarrantly arbitrary [Goossens et al. 2005].
To ensure the effective exploitation of technology scaling, intelligent use of the
available chip design resources is necessary at the physical as well as at the logical
design level. The means to achieve this are through the development of effective and
structured design methods and ESL tools.

Bus: shared resource

Pt-to-pt: does not scale
NoC:

As shown, the major driving factors for the development of global communication

schemes are the ever increasing density of on-chip resources and the drive to utilize
set of
shared resources
these resources with a minimum of effort as well as the need to counteract the physical
of DSM technologies. The trend is towards a subdivision of processing resources
alloweffects
parallel
communications
into manageable pieces.
This helps reduce design cycle time since the entire chip design
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process can be divided into minimally interdependent subproblems. This also allows
the use of modular verification methodologies, that is, verification at a low abstraction
level of cores (and communication network) individually and at a high abstraction level
of the system as a whole. Working at a high abstraction level allows a great degree
of freedom from lower level issues. It also tends towards a differentiation of local and
global communication. As intercore communication is becoming the performance bottleneck in many multicore applications, the shift in design focus is from a traditional
processing-centric to a communication-centric one. One top-level aspect of this involves
M.
Boyer NOC
the possibility to save on global
communication
resources at the application level by in-

A common vocabulary
10
8
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Figure : Architecture
elements[BM06]

Figure : Network layers [BM06]

Fig. 6. The flow of data from source to sink through the NoC components with an
indication of the types of datagrams and research area.

in which the interconnection network plays an important role. Here, the NoC is a key
in supporting a sofisticated parallel programming model.

Fig. 4. Topological illustration of a 4-by-4 grid structured NoC, inelement
dicating the fundamental components.

Core/tile: could be also IO/RAM
write/read messages

which the NoC contains the following fundamental components. 2.3. Network Abstraction
—Network adapters implement the interface by which cores (IP blocks)
connect
The term
NoCtoisthe
used in research today in a very broad sense ranging from gateNoC. Their function is to decouple computation (the cores) fromlevel
communication
(the
physical implementation,
across system layout aspects and applications, to denetwork).
sign methodologies and tools. A major reason for the widespread adaptation of network
—Routing nodes route the data according to chosen protocols. terminology
They implement
thethe readily available and widely accepted abstraction models for
lies in
routing strategy.
networked communication. The OSI model of layered network communication can easily beconsist
adapted
for NoC
—Links connect the nodes, providing the raw bandwidth. They may
of one
or usage as done in Benini and Micheli [2001] and Arteris [2005].
In the following, we will look at network abstraction, and make some definitions to be
more logical or physical channels.
used later in the survey.
Figure 4 covers only the topological aspects of the NoC. The NoC To
in the
figure
could
better
understand
the approaches of different groups involved in NoC, we have
thus employ packet or circuit switching or something entirely different
and be
partitioned
theimplespectrum of NoC research into four areas: 1) system, 2) network adapter,
mented using asynchronous, synchronous, or other logic. In Section 3, we will go into
3) network and 4) link research. Figure 6 shows the flow of data through the network,
details of specific issues with an impact on the network performance.
indicating the relation between these research areas, the fundamental components of
NoC, and the OSI layers. Also indicated is the basic datagram terminology.
2.2. Architectural Issues
The system encompasses applications (processes) and architecture (cores and network). At issues
this level,
The diversity of communication in the network is affected by architectural
suchmost of the network implementation details may still be hidden.
Much
research
done at this level is applicable to large scale SoC design in general.
as system composition and clustering. These are general properties
of SoC
but, since
The network
adapter (NA) decouples the cores from the network. It handles the endthey have direct influence on the design of the system-level communication
infrastructo-end flow control, encapsulating the messages or transactions generated by the cores
ture, we find it worthwhile to go through them here.
for along
the routing
strategy
of the Network. These are broken into packets which contain
Figure 5 illustrates how system composition can be categorized
the axes
of
information
about their destination, or connection-oriented streams which do not, but
homogenity and granularity of system cores. The figure also clarifies
a basic difference
have
a path
between NoC and networks for more traditional parallel computers;
the had
latter
have setup
gen- prior to transmission. The NA is the first level which is network
Theimplement
network consists of the routing nodes, links, etc, defining the topology and
erally been homogeneous and coarse grained, whereas NoC-basedaware.
systems
implementing the protocol and the node-to-node flow control. The lowest level is the
a much higher degree of variety in composition and in traffic diversity.
link
level.
At this
level, the basic datagram are flits (flow control units), node level
18/58 deals with the localization of portions of the system.
M.Such
Boyer
NOC
Clustering
localization

Network adapter
fragment/reassemble messages into packets
send/receive packets
flow control
Routing node: commutation element
send/receive flits (≈ 64bits)
also flow control

Data vocabulary

Core/tile: could be also IO/RAM
write/read messages
Network adapter
fragment/reassemble messages into packets
send/receive packets
flow control
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Routing node: commutation element
send/receive flits (≈ 64bits)
also flow control M. Boyer NOC

Topologies
14
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Fig. 9. Regular forms of topologies scale predictably with regard to area and
power. Examples are (a) 4-ary 2-cube mesh, (b) 4-ary 2-cube torus and (c) binary
(2-ary) tree.

Fig. 9. Regular forms of topologies scale predictably with regard to area and
power. Examples are (a) 4-ary 2-cube mesh, (b) 4-ary 2-cube torus and (c) binary
(2-ary) tree.

Fig. 10. Irregular forms of topologies are derived by
altering the connectivity of a regular structure such
as shown in (a) where certain links from a mesh have
been removed or by mixing different topologies such
as in (b) where a ring coexists with a mesh.

3.2.1. Topology. One Fig.
simple
to distinguish
different
regular
10. way
Irregular
forms of topologies
are derived
by topologies is in terms

20/58of k-ary n-cube (grid-type),
Boyer
altering
the connectivity
ofNOC
a regular
structure
such and n is the number
where
kM.
is the
degree
of each
dimension
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Routing:
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Routing

Routing:
XY: follows the row first, then moves along the column
Note: reverse communication uses another path
Source routing: source set the path in the header
Adaptative:
route computed “on the fly”
minimize link/router load
research only ?

22/58

M. Boyer NOC

Multicast

Multicast: sending the same data to several cores
multicast NoC: data send once, path sharing
non multicast NoC: data sent several times, path competition
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Router: managing contention

They always are contentions
arbitration is needed
⇒ link scheduling policy
⇒ storage is needed

⇒ memory allocation policy
such memory is expensive

⇒ large set of solutions
25/58
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Forwarding

Forwarding: how to transmit data?
store & forward
wormhole
virtual circuit
virtual cut-through
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Store and forward

common policy in network
send and store full packets in routers
require buffer size many times larger than packet size
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Wormhole forwarding

like Spacewire
forward flits even while
receiving
send flits up to blocking
⇒ link flow control

allow large messages /
packets
implies blocking, and even
dead-locks
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Wormhole illustration: single flow
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Wormhole illustration: interfering flows
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Wormhole illustration: deadlock
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Wormhole illustration: deadlock
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Virtual circuit enhancement

reduces blocking
require more logic
flit tagging
VC id allocation
memory sharing
arbitration policy

allows per VC QoS
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Virtual cut-through forwarding

looks like wormhole restriction
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Virtual cut-through forwarding

looks like wormhole restriction
or store&forward enhancement
send packet only if enough space in next router
⇒ require storage of full packet
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Forwarding: feedback

Forwarding
store & forward
wormhole
virtual cut-through

Per node cost
Latency Memory
packet
packet
header
header
header
packet

Common in networks
Blocking
A trade-off (?)

wormhole has good mean performances
... but can lead to dead-locks
virtual circuit has less blocking
... but require more memory and logic
store& forward / virtual cut-through are well known
... but require more memory or small messages
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The time-triggered approach

Build a global TDMA schedule
+ avoid any contention
+ small network delays
- require periodic tasks/communications
- does it scale ?
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Connection oriented

Avoid contention in network, by establishing core-to-core
connection, and resource reservation.
increases latency (connection establishment)
increases logic
research only ?
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Tile-based solutions

Initial architecture: [Tay07],
MIT, 2007
Tile:
local multi-core
DRAM, I/O...

NoC between tiles
Hierarchical design
⇒ multi-core interferences +
NoC interferences
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Intel SCC architecture

16B

FM
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16B

16B

Local

Eas
t
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North

Router

FB

16B

ODVR

experimental processor
[SJJ+ 11]

IA
Core 0

FN

Port 1 to 4

Mesh
Interface
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BW 160GB/s

CCF

16B

V0

GCB
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Core select

F-change

IA
Core 1

V1

V2

V3
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DDR3 Memory
Controller 3

VRC

VRC – Voltage
Regulator Controller
GCB – Global Control
Block

ODVR
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JTAG

Local

DDR3 Memory
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ODVR – Off-Die
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NORTH
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Controller 0

FB – Base frequency

DDR3 Memory
Controller 1

FM – Mesh frequency
FN – Core frequency

V4
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2 cores per tile

Route

PreComputation

VC Allocation

2Tb/s bisection bandwidth
explicit message passing
(but virtual global
addressing)
Switch Arbitration

Port 0

clk

STAGE 1

STAGE 2

STAGE 3

Link Traversal + Buffer Write

Switch Allocation

Buffer Read + VC Allocation

Fig. 2 Router Pipeline diagram.

Fig. 1 SCC Block diagram.
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Cros

24-deep flit FIFO
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STA

Switch

Intel SCC router

IA
ore 0

Port 1 to 4
Crossbar

IA
ore 1

24-deep flit FIFO

8 VC for the whole router

Controller 3

WEST
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Route

EAST
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crossbar output
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Local
Switch Arbitration

Port 0
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STAGE 1
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Switch Traversal

Fig. 2 Router Pipeline diagram.
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Spidergon STNoC

A patented topology:
Spidergon
λ
x

(
logical view: ring +
diameters
links
where λ is the mean arrival rate, x is the mean service tim
less
linksof than
full time
mesh
and σ 2 is the
variance
the service
distribution.
ρ=

calculating the arrival rate we assume that the mean dep
switching:
ture classical
rate of a channel
is equal to the mean Poisson arriv
rate at
the
channel
provided
wormhole
+
VCthat the channel is stable (ρ
Figure 1. The spidergon topology and the on
1).
chip layout.
Figure
: Spidergon topology: logical
During
the journey
toward
A NoC
for SoC
(?)a destination, a messa
passes through
a number of +
channels. Since in wormho
(left) and physical (right)
+
[CGL
08, the
PMS
routing
ﬂits follow
header 07,
ﬂit, the waiting time nee
to beMSVOK07]
evaluated only for the header ﬂit. The time th
3. The Analysis Method
the header ﬂit spends in each channel is comprised of tw
components,
the waiting time specific
for the next channel and o
The objective of this section is to introduce the model
also application
time unit to actually cross the channel. After the head
adopted to evaluate the average message latency in the interof channel at the destin
ﬂit istopology
granted access(subset
to the ejection
connection networks employing wormhole switching. We
tion Spidergon
node the networklinks)
requires an extra msg time units
deﬁne the latency as the time from the generation of the
pipeline the message to destination. Here, msg is the av
message at source node until the last ﬂit of the message
age size
of the messages in ﬂits.
Therefore, the latency m
is absorbed by the destination node. The model we use
Time-Triggered
scheduling
be deﬁned as the total waiting and service times the head
to analyze our network was ﬁrst introduced by Draper and
soon at each intermediate channel plus msg c
ﬂit experiences
Ghosh45/58
[3] to evaluate the average latency for k-aryM.n-cubes.
Boyer NOC
cles to complete transmission. Thus, for an arbitrary node
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Kalray architecture

A 256-cores chip
[dDdML+ 13]
torus topology
16 tiles
16 “simple” cores per
tile
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Kalray Network Adapter

from overflowing through NoC configuration, we eliminate
the possibility of deadlocks. It is thus not necessary to resort
to specific routing techniques such as turn-models.

8 channels [DdDDvAG14]

2.

R
explicit
communications
D-NOC
CALCULUS
MPPA

The goal of the MPPA R D-NoC calculus is to compute the
(σ,ρ) injection parameters for flows that have already been
assigned routes on the D-NoC. These parameters should
guarantee: the application minimal bandwidth requirements;
the absence of FIFO queue overflow in the D-NoC routers;
and the fairness of bandwidth allocation between the different flows. The key MPPA R D-NoC architectural features
that make applicable a (σ,ρ) calculus are:

per channel traffic limiter

⇒ HW support for latency
computation

Figure 2: MPPA R -256 D-NoC Tx structure.

• Packets are transmitted one after the other over any
link, so we avoid the aggregation issues implied by the
(min, +) network calculus: when leaky-buckets flows
are FIFO-multiplexed in rate-latency network elements,
the service curves offered to a single flow are not necessarily themselves rate-latency curves [12];
• The packetization effects are taken care of by considering a suitable rate-latency type of service that is
offered by the link arbiters; precisely, the latency is
dlf = (ml − 1)Lmax (see below) and the rate is 1;
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• The link arbiters are work-conserving and the NoC

df = (ml − 1)Lmax (see below) and the rate is 1;

Kalray Network router
Figure 3: Flow constrained by a (σ, ρ) model.

• The link arbiters are work-conserving and the NoC
injection scheme may be considered as a special case
of weighted fair queueing (WF2 Q) [9].

2.1

so flows interfere on a node only if they share a link to the
next node. This interface performs a round-robin (RR) arbitration at the packet granularity between the FIFO queues
that contain data to send on a link (Figure 4). The NoC
routers have thus been designed for simplicity while inducing a minimal amount of perturbations on (σ, ρ) flows.

2.1.1

General Problem Formulation
Variables and Constraints

On the MPPA R D-NoC, the only variables considered are
the injection rates ρi associated with the bandwidth limiters
of each flow. Indeed, the window sizes are considered fixed,
thereby giving a direct relation between ρi and its corresponding σi = ρi (1 − ρi )Tw . The constraints applied to the
flow rates are all direct consequences of either the problem
statement or the architectural features of the D-NoC:

virtual cut-through
forwarding

• Application constraints: some flows require a minimal
injection rate ρmin
≤ ρi .
i
P
• Link capacity constraints:
f ∈F (l) ρf ≤ 1 for any link
l shared by a set of flows F (l). Over-booking of links
may not occur as this will result in saturation of the
FIFO queues.
P
l
• Queue backlog constraints:
f ∈F (q) σf ≤ Qsize for
any FIFO queue q in front of the router arbiter of link
l, with Qsize the maximum FIFO size and F (q) the set
of flows sharing the queue.

round-robin arbitration

Figure 4: MPPA R -256 NoC router model.
An additional benefit of the router design comes from
the association of a unique FIFO queue with each sourcedestination pair. The resulting decoupling of flows and their
interaction makes the overflow of the queues on a closed
NoC circuit a necessary condition for the appearance of network deadlocks. By preventing every single FIFO queue
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These constraints are local and only apply to specific network elements: flows, links and FIFO queues. We collect
all these constraints in order to obtain a formulation whose
solutions yields the D-NoC injection parameters. While
the link capacity constraints are straightforward, the queue
backlog constraints require more attention to details. Flows
coming from different directions and sharing the same link
for their next hop will trigger a link access round-robin arbitration. A consequence of this is that their individual burstiness may increase. It should be noted that when two flows
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