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Nostrum Topology: Mesh
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Characteristics:

• Resource-to-switch ratio: 1

• A switch is connected to 4 switches
and 1 resource

• A resource is connected to 1 switch

• Average distance: 2/3n

• Bisection bandwidth: 2n

Motivation:

• Regularity of layout; predictable
electrical properties

• Expected locality of traffic
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The Node in a Mesh
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NI: Network Interface:

• Compulsory
• Hardware
• Implements the network layer protocol
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NI: Network Interface:

• Compulsory
• Hardware
• Implements the network layer protocol

RNI: Resource Network Interface:

• Optional
• Hardware and/or Software
• Implements transport layer
• Provides resource specific interfaces

SLI: Session Layer Interface:

• Optional
• Hardware and/or software
• Implements the session layer protocol
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The Network Layer

• Packet switched best effort service

? Packets are guaranteed to arrive
? Packet payload may be protected (4 levels of protection)
? Load dependable delay in the network
? Load dependable delay at the network access point
? Admission policy for best effort traffic:
∗ Network load should be below 60%
∗ Load is measured locally in switch and based on neighboring

stress values
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The Network Layer

• Packet switched best effort service

? Packets are guaranteed to arrive
? Packet payload may be protected (4 levels of protection)
? Load dependable delay in the network
? Load dependable delay at the network access point
? Admission policy for best effort traffic:
∗ Network load should be below 60%
∗ Load is measured locally in switch and based on neighboring

stress values

• Virtual circuit service

? Guaranteed bandwidth
? Guaranteed maximum delay
? Multicast circuits
? Static and semi-static virtual circuits
? Based on packet switching service
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The Bufferless Switch

Flow
 co

ntr
ol

To Switch South

To Switch North

To Resource

T
o Sw

itch E
ast

Stress values

Stress values

St
re

ss
 v

al
ue

s

Stress values

T
o 

Sw
itc

h 
W

es
t

+ No buffers

+ No routing table

+ Small area

+ Short delay

+ Low power consumption

− Non-shortest path

− Header overhead due to
destination address
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Stress Value Effect on Buffer Sizes and Delays
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Size: 16x16, NumberOfSteps: 5100, Probability: 0.15, No stress value
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No stress value control

Largest average buffer size: 3.2 (black)
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Stress Value Effect on Maximum Load
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Looped Container based Virtual Circuit
• A container packet loops between two or more

end points
• The looping container establishes a closed virtual

circuit
• The virtual circuit allows multicast and bus

protocol emulation
• Possible bandwidth allocation:

2j−dB

where B = link bandwidth, d = length of the
container loop, 1 ≤ j ≤ d

• Examples:
d = 2: possible allocations: 100% and 50%
d = 4: possible allocations: 100%, 50%, 25%,
12.5%
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Implementation of Static Virtual Circuits

• Bandwidth allocation and circuit setup at design time

• Implementation alternatives:

? Channel containers have higher priority

? Look-up tables in switches

• Semi-static circuits:

? Active circuits: Circulating containers

? Inactive circuits: Containers removed

? Activation of circuits subject to traffic load dependent
delay

? NI can increase stress value to activate virtual circuits

10
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Contract based Flows
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Regulated Flows

A Flow F is (σ, ρ) regulated if

F (b)− F (a) ≤ σ + ρ(b− a)

for all time intervals [a, b], 0 ≤ a ≤ b and where
F (t) · · · the cumulative amount of traffic between 0 and t ≥ 0.
σ ≥ 0 is the burstiness constraint;
ρ ≥ 0 is the maximum average rate;
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A Flow F is (σ, ρ) regulated if

F (b)− F (a) ≤ σ + ρ(b− a)

for all time intervals [a, b], 0 ≤ a ≤ b and where
F (t) · · · the cumulative amount of traffic between 0 and t ≥ 0.
σ ≥ 0 is the burstiness constraint;
ρ ≥ 0 is the maximum average rate;

F(t)

1 t2 t3 t5t4 t

σ

ρ

t
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Regulated Flows - Delay Element

F1 F2
D
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Regulated Flows - Delay Element

F1 F2
D

F1 ∼ (σ, ρ)

F2 ∼ (σ + ρD, ρ)
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Regulated Flows - Work Conserving Multiplexer
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Regulated Flows - Work Conserving Multiplexer

F3

F2

F1

b

D

B

b

b

F1 ∼ (σ1, ρ1)

F2 ∼ (σ2, ρ2)

link bandwidth b < ρ1 + ρ2

F3 ∼ ?

maximum delay D = ?

maximum backlog B = ?
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Work Conserving Multiplexer - 1
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Phase 1 (t1): F1 and F2 transmit at full speed;
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Phase 1 (t1): F1 and F2 transmit at full speed;
Assume: At t = 0 the queue is empty; σ1 ≤ σ2

Injection rate: 2b; Drain rate: b

bt1 = σ1 + ρ1t1

t1 =
σ1

b− ρ1
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Work Conserving Multiplexer - 2
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Phase 2 (t2): F1 transmits at rate ρ1, F2 transmits at full speed;
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Phase 2 (t2): F1 transmits at rate ρ1, F2 transmits at full speed;
Injection rate: b + ρ1; Drain rate: b

btaccu = σ2 + ρ2taccu

taccu =
σ2

b− ρ2
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Work Conserving Multiplexer - 3
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Phase 3 (tdrain): F1 transmits at rate ρ1, F2 transmits at rate ρ2;
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Phase 3 (tdrain): F1 transmits at rate ρ1, F2 transmits at rate ρ2;
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Phase 3 (tdrain): F1 transmits at rate ρ1, F2 transmits at rate ρ2;
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Work Conserving Multiplexer - Summary
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b− ρ1 − ρ2
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Work Conserving Multiplexer - Summary
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Bmax = σ1 +
ρ1σ2

b− ρ2

Dmax = taccu + tdrain =
σ1 + σ2

b− ρ1 − ρ2

F3 ∼ (σ1 + σ2, ρ1 + ρ2)
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MPEG Encoding Case Study - cont’d
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MPEG Encoding Case Study - cont’d
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For a general multiplexer we have:

Dmux =
σ1 + σ2

Cout − ρ1 − ρ2

Fmuxout ∼ (σ1 + σ2, ρ1 + ρ2)

FM3 ∼ (ρt(D1 + Dmux + DM ′), ρt)
FM4 ∼ ?
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Sbuffer is the size of the input buffer in S.

D(σ, ρ)-regulator =
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ρ

B(σ, ρ)-regulator = max(0, σ′ − σ)
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Sbuffer is the size of the input buffer in S.

D(σ, ρ)-regulator =
max(0, σ′ − σ)

ρ

B(σ, ρ)-regulator = max(0, σ′ − σ)

F6 ∼ (Sbuffer, ρt)

C3 : (ρt, D3)

F7 ∼ (Sbuffer + ρtD3, ρt)
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MPEG Encoding Case Study - Memory

M2M’

F
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M3

7

F2 FM1 F

M ′ : (2ρt, DM ′)

Dmux =
σ1 + σ2

Cout − ρ1 − ρ2
=

Sbuffer + ρt(D1 + D3)
Cout − 2ρt

FM1 ∼ (Sbuffer + ρt(D1 + D3), 2ρt)

FM2 ∼ (Sbuffer + ρt(D1 + D3 + 2DM ′), 2ρt)

FM3 ∼ (ρt(D1 + Dmux + DM ′), ρt)

FM4 ∼ (Sbuffer + ρt(D3 + Dmux + DM ′), ρt)
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MPEG Encoding Case Study - cont’d
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Backlog of the regulators:

BRM1 = max(0, ρt(D1 + Dmux + DM ′)

−Sbuffer)

BRM2 = max(0, 128B + ρt(D3 + Dmux

+DM ′)− Sbuffer)

Delay of the regulators:

DRM1 =
BRM1

ρt

DRM2 =
BRM2

ρt
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MPEG Encoding Case Study - cont’d
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The flow from the memory to S:

F3 ∼ (Sbuffer, ρt)

C2 : (ρt, D2)

F4 ∼ (Sbuffer + ρD2, ρt),

A charatcerization of S and its output:

S : (ρt,
Sbuffer

ρt
)

F5 ∼ (2Sbuffer + ρtD2, ρt)

The flows between memory and V:

F8 ∼ (Sbuffer, ρt)

C4 : (ρ,D4)

F9 ∼ (Sbuffer + ρtD4, ρt)
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MPEG Encoding Case Study - cont’d
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MPEG Encoding Case Study - cont’d
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End to end delay:

Dtotal =D1 + Dmux + DM ′

+ DRM1 + D2 + DS + DRS + D3

+ Dmux + DM ′ + DRM2 + D4

The flow at V:

FT→V ∼ (0 + ρtDtotal, ρt)
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Modeling with Regulated Flows

• Interconnect:

? Model each channel by available bandwidth and
maximum delay variation;

? Model each node in the interconnect as an arbiter;

• Model read request, write acknowledge as separate flows;

• Model synchronization as separate flows;

• A simple generalization of (σ, ρ) flows is

F ∼ min(σi, ρi), i > 0

F (b)− F (a) ≤ min
i

(σi + ρi(b− a))

• Good analysis depends on good element models;
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Network Calculus - Arrival Curves

bits

a

b−a

α(t)

Given a monotonically increasing function α, defined for t ≥ 0,
α is an arrival curve for flow F if for all 0 ≤ a ≤ b:

F (b)− F (a) ≤ α(b− a)
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Network Calculus - Min-Plus Convolusion

Given two monotonically increasing functions f and g. The
min-plus convolusion of f and g is the function

(f ⊗ g)(t) = inf
0≤s≤t

(f(t− s) + g(s))
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Network Calculus - Min-Plus Convolusion

Given two monotonically increasing functions f and g. The
min-plus convolusion of f and g is the function

(f ⊗ g)(t) = inf
0≤s≤t

(f(t− s) + g(s))

If α is an arrival curve for F we have:

F ≤ F ⊗ α

and

F ≤ α⊗ α

with α ⊗ α being the best bound that we can find based on
information of α.
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Network Calculus - Service Curves

β(t)

F(t)

βF (t))(F(t) F*(t)

bits

(t)F*

S

Given a system S with an input flow F and an output flow
F ∗. S offers the flow a service curve β if and only if β is
a monotonically increasing function and F ∗ ≥ F ⊗ β which
means that

F ∗(t) ≥ inf
s≤t

(F (t) + β(t− s))
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Network Calculus - Backlog Bound
F*

(t)

F(t) F*(t)
F

(t)

bits

β

α β

t

ba
ck

lo
gα

S

Given a flow F constrained by arrival curve α and a system
offering a service curve β, the backlog F (t) − F ∗(t) for all t
satisfies

F (t)− F ∗(t) ≤ sup
s≥0

(α(s)− β(s))
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Network Calculus - Delay Bound
F*

(t)

F(t) F*(t)
F

(t)

bits

t

α β

α
βdelay

S

Given a flow F constrained by arrival curve α and a system
offering a service curve β, the delay d(t) at time t is

d(t) = inf(τ ≥ 0 : F (t) ≤ F ∗(t + τ)).

It satisfies

d(t) ≤ h(α, β) = sup
t≥0

(inf(τ ≥ 0 : α(t) ≤ β(t + τ)))
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Network Calculus - Output Arrival Curve

F(t)

F(t) F*(t)

bits
F*(t)

β

β α β

α∗

Sα

α

t

Given a flow F constrained by arrival curve α and a system
offering a service curve β, the output flow F ∗ is constrained
by the arrival curve α∗

α∗ = α� β.

(α� β)(t) = sup
s≥0

(α(t + s)− β(s))
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Network Calculus - Useful Functions
bits

t

R

Peak rate function:
λR(t) = Rt

t

bits

T

R

Rate latency function:
βR,T (t) = R[t− T ]+

bits

t

σ

ρ

Affine function:

γσ,ρ(t) =

{
0 for t = 0
σ + ρt for t > 0

bits

tT

Burst-delay function:

δT (t) =

{
0 for t ≤ T

∞ for t > T

bits

tT−t 2T−t 3T−t 5T−t 6T−t4T−t

ρ
2
1

3
4
5

Staircase function:
vT,τ(t) = d(t + τ)/T e

t

bits

1

T

Step function:

uT (t) =

{
0 for t ≤ T

1 for t > T
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Network Calculus - Concatenation of Nodes
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Network Calculus - Concatenation of Nodes

F*F

2

β1

β1 β

α S1 S2
β2

S /

Example:
β1 = βR1,T1

β2 = βR2,T2

βR1,T1 ⊗ βR2,T2 = βmin(R1,R2),T1+T2

Useful properties:
f ⊗ g = g ⊗ f

(f ⊗ g)⊗ h = f ⊗ (g ⊗ h)

(f + c)⊗ g = (f ⊗ g) + c for any constant c ∈ R
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Network Calculus - Pay Bursts Only Once
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β1 = βR1,T1 = R1 max(0, t− T1)
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Data Protection

• Two level protection: Link layer and transport layer
• Data link layer protection:

? SEC-DED header protection (16/26 bits)
? Four levels of payload protection:
∗ Maximum bandwidth - no protection (102/102 bits)
∗ Guaranteed integrity - DED protection (90/102 bits)
∗ Minimum latency - SEC protection (90/102 bits)
∗ High reliability - SEC-DED protection (81/102 bits)

? Parity based codes used (Hamming or Hsiao codes) to allow for low logic
depth implementations

• Transport layer:
? Normal mode: Send-and-Forget (SaF) service
? Reliability mode: Acknowledgement-and-Retransmit (AaR) service
∗ window size N, 1 ≤ N ≤ 64
∗ 2N packets are buffered in sender and receiver
∗ End-to-end flow control mechanism

• in total 8 modes available
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Error Protection for Low Power

Scenario I:

• 8× 8 network
• 80 bits payload
• 15 bits header

Scenario II: Link layer error protection

• Block code with DED/SEC capability
• 20 payload bits and 5 protection bits

per block;
• 80 payload bits
• 15 header bits
• 30 protecting bits
• 125 total bits

Scenario III: End-to-end protection

• Header is protected at the link
layer as in Scenario II

• Payload is protected by a block
code with SEC/DED capability

• 80 payload bits
• 15 header bits
• 24 protecting bits
• 119 total bits

61



Errors per Packet
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Power Consumption per Useful Bit
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Power Consumption vs. Error Rate

 1.6e-10

 1.8e-10

 2e-10

 2.2e-10

 2.4e-10

 2.6e-10

 2.8e-10

 1e-05  0.0001  0.001

po
w

er
 [J

ou
le

]

Errors per packet

power consumption vs error rate

Sc.I: No error protection
Sc. II: Link layer

Sc. III: Network layer

64



Low Power encoding - Conclusion

• Low power bus encoding is of limited value and probably
increases the overall power consumption.

• Link-level error protection to allow for lower voltage does
not give significant improvements.

• End-to-end data protection decreases power consumption
for 8× 8 networks, with slowly increasing gain for larger
networks.
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Globally Pseudosynchronous - Locally Synchronous Clocking

Every switch uses same frequency; phase difference is constant
and known.

• Latency reduce with 29% at low load; 40% at high load

• Can handle 10% higher load

• More skew tolerant

• Clock skew and jitter is depending only on local
constraints

• No global clock distribution with associated power gains

• Reduced peak power with 50% at best

• Jitter reduced significantly
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Globally Pseudosynchronous Clocking - cont’d

• Downstream data create low latency
paths (Data Motorways)

? Guaranteed data motorways

? Phase related data motorways

• Periphery roundtrip:

? 14 cycles downstream

? 21 cycles upstream

? 24 cycles synchronous
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Globally Pseudosynchronous Clocking - cont’d

4x4 network, 50% emmision
rate

• (a) Synchronous clocking,
uniform routing

• (b) Synchronous clocking,
centrifugal routing

• (c) pseudosynchronous
clocking, 2 phases

• (d) pseudosynchronous
clocking, 4 phases
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Globally Pseudosynchronous Clocking - cont’d
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Potential of Dynamic Voltage Scaling - Power
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Potential of Dynamic Voltage Scaling - Hops

2e-05

3e-05

4e-05

5e-05

6e-05

7e-05

8e-05

9e-05

200 220 240 260 280 300 320 340 360
3.2

3.4

3.6

3.8

4

4.2

4.4

4.6

4.8

5

to
ta

l
p
ow

er
[J

ou
le

]

h
op

co
u
n
t

frequency [MHz]

total power for N packets
Average hop count of packets

73



Potential of Dynamic Voltage Scaling - Load variations
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Potential of Dynamic Voltage Scaling - Delay
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Potential of Dynamic Voltage Scaling - Power
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Overview

Topology and Structure

The Network Layer and the Switch

TDM Allocation for Quality of Service

Regulated Flows

Data Protection

Clocking

Dynamic Voltage Scaling

Network Simulator
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Nostrum Simulation Environment

• Nostrum NoC Simulation Environment (NNSE)

• Based on SystemC simulator

• Configuration paramaters:

? Size

? Topology (Mesh, Torus)

? Switching and routing (deflective, wormhole)

? Traffic pattern (temporal, spatial, random, locality, per
channel, ...)

? Analysis plots (delay, load, power, ...)

• Useful to analyse the zillion trade-offs in NoC design.
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NNSE Network Configuration
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NNSE Traffic Configuration
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Summary of Nostrum Status

• Nostrum defines a 2 D mesh topology;

• Protocol stack for link layer, network layer and session
layer;

• Packet switched and virtual circuit communication services;

• Buffer-less, loss-less switch with no routing tables;

• 2 level data protection scheme;

• Session layer communication primitives;

• Flexible NoC Simulator;

Further information: www.imit.kth.se/info/FOFU/Nostrum/
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