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Nostrum Topology: Mesh

Characteristics:

e Resource-to-switch ratio: 1

e A switch is connected to 4 switches
and 1 resource

e A resource is connected to 1 switch
e Average distance: 2/3n

e Bisection bandwidth: 2n
Motivation:

e Regularity of layout; predictable
electrical properties

e Expected locality of traffic




The Node in a Mesh

HE~

NI

NI

RNI
SNI

_§ e

HE~

B e

HE~

_§ e
Y N | D | Y | E—

_§ i

_§ i

HE

HE
Y N | D | R | E—



[l
N
2]

]
z

| | ||
gLl gl
2] H

ML

i

| |
_ I
2]

]
2]

The Node in a Mesh

x|

NI

RNI

SNI

]
2]

I-I
Ik

[]
B

NI: Network Interface:

e Compulsory
e Hardware

e Implements the network layer protocol
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NI: Network Interface:

e Compulsory
e Hardware
e Implements the network layer protocol

RNI: Resource Network Interface:

e Optional

e Hardware and/or Software

e Implements transport layer

e Provides resource specific interfaces
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NI: Network Interface:

e Compulsory
e Hardware
e Implements the network layer protocol

RNI: Resource Network Interface:

e Optional

e Hardware and/or Software

e Implements transport layer

e Provides resource specific interfaces

SLI: Session Layer Interface:

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

e 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



The Network Layer

e 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

e Virtual circuit service

* Guaranteed bandwidth

* Guaranteed maximum delay

* Multicast circuits

* Static and semi-static virtual circuits
* Based on packet switching service



The Bufferless Switch

To Switch North

Stress values
.

To Switch West

Stress values

T Stress values -|— NO bUfFerS
. + No routing table
o
% + Small area
a + Short delay
oo .
2 + Low power consumption

— Non-shortest path

— Header overhead due to
destination address
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Stress Value Effect on Buffer Sizes and Delays

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)

Size: 16x16, NumberOfSteps: 5100, Probability: 0.15, Averaged stress value
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Averaged stress value control
Largest average buffer size: 0.2 (black)
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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: L

2i—dp

where B = link bandwidth, d = length of the

container loop, 1 <5 <d

Examples:

d = 2: possible allocations: 100% and 50%

d = 4: possible allocations: 100%, 50%, 25%,
12.5%



Implementation of Static Virtual Circuits

e Bandwidth allocation and circuit setup at design time
e Implementation alternatives:

* Channel containers have higher priority

* Look-up tables in switches
e Semi-static circuits:

* Active circuits: Circulating containers

* Inactive circuits: Containers removed

* Activation of circuits subject to traffic load dependent
delay

*x NI can increase stress value to activate virtual circuits

10
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T DM, Virtual Circuit

® What is that?

® A VC is a connection in a packet-switched network.

® A TDM VC means multiple connections use shared
buffers and links in a time-division fashion.

® Example

® Why do we need it?
©® Contention-less, offering guaranteed latency and BW.
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Two variants of TDM VC

® Open-ended

® A VC path is not a loop
® for buffered flow control networks, e.g. wormhole, VCT

® Closed-loop
@A VCisaloop

® for buffer-less flow control networks, e.g. deflection

I out
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T in o out

Xk S E
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Ui ow
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f m oot
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k=2 5 E

Containers are looped on VCs to carry data packets.




How to configure DM VCs?

® Properties of a TDM VC

©® A deterministic path

©® Use dedicated time slots to pass buffers, freeing from
contention

® Problems of TDM VC configuration
©® Path selection: explore network path diversity

® when (time slots)
to be contention free and satisfy BW




Path Selection

® Multi node VC Configuration

® Node visiting order: Hamiltonian Path / Traveling
Salesman problem

® Path selection + Slot Allocation by a Depth first
search with backtracking

® Ordering of VCs into a list

® Finding shortest tour for multi-node comunication
©® Path selection

® Slot allocation




On the slot allocation, problem

® How to avoid contention?
® Use exclusive slots

® Globally synchronize slot tables such that no
simultaneous use of a buffer or link is possible

® How to guarantee bandwidth
@ In the first place, contention free
® In the second place, allocate enough slots




Our, approach,and contributions

® Propose the concept of Logical Network (LN)

® Formulate a contention-less theory with necessary
and sufficient conditions to assign VCs to LNs

® Develop a LN-based slot allocation algorithm




A running example

® To explain the concepts and method intuitively

* Given:

=<b1, b2>, =1/2
V2=<b1, b3>, BW2=1/4

@ * Determine:

Packet admission pattern for

Admission pattern: N packets and v2 such that

are admitted over W slots (1) there is no contention and

VC traffic flow: repeating this :
admission pattern (2) both BW requirements are met

N=2

O D

- W=4




Avoid contention

® Two steps

1. Slot partitioning with respect to a shared buffer in
time domain

2. Slot mapping along a VC path in space domain

® Consequence
® Birth of LN, associated (time slof, buffer) pairs.

® Eventually, we can precisely define traffic flow on
VCs.




Avoid contention with the example

1. Slot partitioning
® V1Nvz={b1}

® Even {(2k, b1)} and { (2k+1, b1) } slot sets

2. Slot mapping

® Map b1's slot seton
® Map b1's even slot set on V4, Na{y b1) = { (2k b1), 2k+1,b3) }

2

V2 ¢ 2 LNZ(v2,b1)

C" ‘G’* b201234567 ;ﬁi;>

b10,12345678910
b3012345678910
N ¥ (o [T (PO P T [ ;t




Satisfy bandwidth

® A LN owns dedicated slots, thus BW.

® For each VC with its LNs, check supported BW 2
demanded BW ?

® If supported BW > demanded_BW, do slot refinement,
l.e., allocate/consume slots not more than necessary

@ If supported BW = demanded_BW, consume slots

@ If supported BW < demanded_BW, LNs are not
sufficient to satisfy BW requirement




Satisfy bandwidth with the example

® Vi:BW( 2 =10 = : LN3(v2,b1)

o VaBW(INwpy)=V2>BW2 D
V2 ¢

b1012345678910

b3012345678910
@ Illlllllll[,:t

BW(_N2(y2,p1)=1/2 > 14 ﬂ Refine slots

| | b1012:45678910
| | | | |
—
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Slot allocation summary.

® The properties of a LN
® Owns dedicated slots in buffers ( (slof, buffer) pairs)
® Function of VC and a reference buffer
® One LN owns 1/Nun bandwidth

® Slot allocation becomes VC-to-LN assignment:

1. Slot partitioning to create LNs referring to a shared
buffer

Slot mapping to assign VCs to different LNs
Slot refinement to allocate enough BW to LNs




Essential iIssues

® How many LNs exist when VCs overlap?
® How to partition slots?

Is allocating VCs to different LNs sufficient and
necessary?

How to select a reference buffer when VCs have
multiple shared buffers?

Does the result change iIf a different reference buffer
IS selected?




The number of LNs

® Two VCs, V1 and V2, with admission window W1 and
W2, the max. number of LNs, Nun (V1, V2)=GCD (W1, W2)

® W1 and W2 are derivable from BW regquirement and
subject to application constraints

® More than one solution, reflecting design space

® Example

=<b1, b2>, =1/2
V2=<b1, b3>, BW2=1/4

W1i=2, Wao=4
NLn (V1, V2)=GCD (2, 4)=2

!/

b10712:456 /8910




Sufficient and necessary condition

® VC-to-LN assignment steps:

. Slot partitioning to create LNs with respectto a
reference buffer

. Slot mapping to assign VCs to different LNs
. Slot refinement

® Assigning VCs to different LNs is sufficient and
necessary to promise contention-free.




Multiple shared buffers

® If two VCs have multiple shared buffers, how to
select the reference buffer?

® Example
® N V2= {b1, bn, bm}

® Consistency check

mod( dbnbm(V1) - dbnbm(V2), NLn )=0

® Linear check instead of complete check
® (b1,bn) and (bn, bm) => (b1, bm)




LN-oriented slot allocation

® [nput

® VC spec. set, V1, V2, ... Vn,
with BW and path known

® Admission windows, W1, W2,
..., Wn, respectively
® Output
® Fail or succeed
@ If succeed, admission pattern
for each VC
® Slotallocation procedure
® Pair-wise (vi, vj) and
incremental
® Compute LNs: slot
partitioning and LN mapping

® LNs: slot mapping
and refinement

(Ret.0)

Calculate NLN

N }
—@erence consiste@

)

Compute available LNs

N

"@pnrted BW 2 BW dem/a\gdz:-

Y

sufficient LNs

(Ret D




\/C configuration program

® The LN-based slot allocation method has been
Implemented in our VC configuration program

® The VC configuration program
® supports both open-ended and closed-loop VCs
©® explores the network path diversity via back-tracking
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Contract based Flows
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Regulated Flows

A Flow F'is (o, p) regulated if

(b)) = F(a) <0+ p(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.

o > 0 is the burstiness constraint;
p > 0 is the maximum average rate;
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Regulated Flows - Delay Element

=T
nT 1
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Regulated Flows - Delay Element

=T
nT 1

Fy ~ (0, p)

£y ~ (o + pD, p)
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Regulated Flows - Work Conserving Multiplexer
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Regulated Flows - Work Conserving Multiplexer

N\ D

b 1 B

Fy

Fs

link bandwidth b
F3

maximum delay D

maximum backlog B

(017 101)
(027p2)
P1 T P2
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Work Conserving Multiplexer - 1
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Work Conserving Multiplexer - 1

Bt maxB
Py
‘1 1
1 b—P:~ P,
. ‘ |
B tl o 1:2 T tdrain " Tlme
t=0~ -

taccu

Phase 1 (t1): F1 and F5 transmit at full speed;
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Work Conserving Multiplexer - 1

Bt maxB
Py
1 ' 1
1 b—P,— P,
. ‘
B tl o 1:2 T tdrain " Tlme
e

Phase 1 (t1): F1 and F5 transmit at full speed;
Assume: At t = 0 the queue is empty; 01 < 09
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Work Conserving Multiplexer - 1
Bn

fffff maxB
Py
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1 6L T Torain - Time
e

Phase 1 (t1): F1 and F5 transmit at full speed;
Assume: At t = 0 the queue is empty; 01 < 09
Injection rate: 2b; Drain rate: b
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Work Conserving Multiplexer - 2

Bn

fffff maxB
Py
1 1 1
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Work Conserving Multiplexer - 2

BY maxB
Py
1 ' 1
1 b—P.— P,
] \
Tt LT tovain - Time
e

Phase 2 (t3): Fi transmits at rate py, F> transmits at full speed;
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Work Conserving Multiplexer - 2

BY maxB
Py
1 ' 1
1 b—P.— P,
] \
Tt LT tovain - Time
e

Phase 2 (t3): Fi transmits at rate py, F> transmits at full speed;
Injection rate: b+ pq; Drain rate: b
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Work Conserving Multiplexer - 2

BY maxB
Py
1 ' 1
1 b—P.— P,
] \
Tt LT tovain - Time
e

Phase 2 (t3): Fi transmits at rate py, F> transmits at full speed;
Injection rate: b+ pq; Drain rate: b

btaccu = 02+ thaccu
02

b — p2

taccu
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Work Conserving Multiplexer - 3
Bn

fffff maxB
Py
1 ' 1
1 b_pl_p2
) |
1 LT Torain ~ Time
e
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Work Conserving Multiplexer - 3

Bt maxB
Py
1 ' 1
1 b—P,— P,
. ‘
B tl o 1:2 T tdrain B Tlme
e

Phase 3 (tqrain): F1 transmits at rate p;, F5 transmits at rate po;
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Work Conserving Multiplexer - 3
Bn

fffff maxB
Py
1 ' 1
1 b_pl_pZ
) |
1 LT Torain ~ Time
e

Phase 3 (tqrain): F1 transmits at rate p;, F5 transmits at rate po;
Injection rate: p1 + po; Drain rate: b
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Work Conserving Multiplexer - 3
Bn

fffff maxB
Py
1 ' 1
1 b_pl_pZ
) |
1 LT Torain ~ Time
e

Phase 3 (tqrain): F1 transmits at rate p;, F5 transmits at rate po;
Injection rate: p1 + po; Drain rate: b

Bmax
b—p1— p2

tdrain
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Work Conserving Multiplexer - 3
Bn

fffff maxB
Py
1 ' 1
1 b_pl_pZ
) |
1 LT Torain ~ Time
e

Phase 3 (tqrain): F1 transmits at rate p;, F5 transmits at rate po;
Injection rate: p1 + po; Drain rate: b

Bmax
b—p1— p2
Bmax — btl + P1t2

tdrain —



Work Conserving Multiplexer - 3

Bt maxB
Py
1 ' 1
1 b—P,— P,
. ‘
B tl o 1:2 T tdrain B Tlme
e

Phase 3 (tqrain): F1 transmits at rate p;, F5 transmits at rate po;
Injection rate: p1 + po; Drain rate: b

4 Bmax
drain —
b—p1— p2
o)
Bmax — btl + P1t2 =01+ P12

b — p2



Work Conserving Multiplexer - Summary

BY maxB
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Work Conserving Multiplexer - Summary

Bt maxB
Py
1 ' 1
1 b—P,— P,
. |
Tt L T Eorain = Time
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Work Conserving Multiplexer - Summary

Bn

,,,,, maxB
Py
1 11 1
1 b=P,~ P,
b |
Tt TR T Terain ~ Time
t=0~ Taceu i
o)
Bmax = 01+ P19
b— p2
O'1—|-O'2
Dmax — taccu+tdrain —

b— p1— p2



Work Conserving Multiplexer - Summary

Bn

,,,,, maxB
Py
1 1 1
1 b=P,~ P,
b |
Tt TR T Terain ~ Time
t=0~ Taceu i
o
Bmax = 01+ P19
b— p2
o1 +0
Dmax — taccu+tdrain — . 2
b— p1— p2

Fs ~ (014 02,p1+ p2)



MPEG Encoding Case Study

@ 0 0
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MPEG Encoding Case Study

| nter connect
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MPEG Encoding Case Study
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MPEG Encoding Case Study

Pr ocessor

ERN I"l\ /‘

| nter connect
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MPEG Encoding Case Study - cont’'d

) (v

Fy ~ (0, pt)

41



MPEG Encoding Case Study - cont’'d

Fy ~ (0, pt)
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MPEG Encoding Case Study - cont’'d

Fy ~ (07pt)
Cl : (ptv )
02 : (ptv )
Cl : (Pt; )
04 : (ptv )
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MPEG Encoding Case Study - cont’'d
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MPEG Encoding Case Study - Memory
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MPEG Encoding Case Study - Memory

F, Fv3

(D e
— —
N

I:I\/I4
M/ . (th, DM/)
For a general multiplexer we have:
Dmux — 71102
Cout — P1 — P2
quxout ~ (01 + 02, P1 + /02)
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MPEG Encoding Case Study - Memory

F, Fv3

(D e
— —
N

I:I\/I4
M/ . (th, DM/)
For a general multiplexer we have:
Dmux — 71102
Cout — P1 — P2
quxout ~ (01 + 02, P1 + /02)

FMS ~ (pt(D1+Dmux+DM’)7pt)
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MPEG Encoding Case Study - Memory

F, Fv3

(D e
— —
N

I:I\/I4
M/ . (th, DM/)
For a general multiplexer we have:
Dmux — 71102
Cout — P1 — P2

quxout ~ (01 + 02, P1 + /02)

FMS ~ (pt(D1+Dmux+DM’)7pt)
Faya o~ 7
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MPEG Encoding Case Study - cont’'d
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MPEG Encoding Case Study - cont’'d

Ry ~ (Sbuffera pt);
Rpro ~ (Sbuffera ,Ot)§

Rs ~ (Sbuffer; pt):
Sbuffer 1S the size of the input buffer in S.
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MPEG Encoding Case Study - cont’'d

D(a, p)-regulator

B(a, p)-regulator

Ry ~ (Sbuffera pt);
Rpro ~ (Sbuffera ,Ot)§

Rg ~ (Shuffer, pt);
Sbuffer 1S the size of the input buffer in S.

max(0,0’ — o)
p
max (0,0’ — o)

44



MPEG Encoding Case Study - cont’'d

Ry ~ (Sbuffera pt);
Rpro ~ (Sbuffera ,Ot)§

Rg ~ (Shuffer, pt);
Sbuffer 1S the size of the input buffer in S.

Fs ~  (Sbuffer, Pt)

Cs (ﬂt, D3)

F7 ~ (Sbuffer + ptD37 pt)

44



MPEG Encoding Case Study - Memory

F Fv3

£ j Fv J@Eﬁ/ﬁ(—»
— —
7

FM 4
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MPEG Encoding Case Study - Memory

|:2 = = FMB

—b —

7 Fvia
M" ' (2py, Dpp)

D B o1+ 02 B Sbuffer+pt(D1+D3)
e Cout — P1 — P2 - Cout - 2pt

Fyvie ~ (Sbusfer + pe(D1 + D3), 2py)

(Sbuffer + pe(D1 + D3 + 2D 1), 2py)
Frrs ~  (pe(D1+ Dz + Dagr), pt)

(Sbuffer + Pt(D3 + Dipuz + Darr), pt)



MPEG Encoding Case Study - cont’'d

46



MPEG Encoding Case Study - cont’'d

Backlog of the regulators:

Bryi = max(0, py(D1 + Dmux + Do)
— Shuffer)
Brye = max(0,128B + pi(D3 + Diux

_|_DM’) — Sbuffer)

Delay of the regulators:

B
Doy — RM1
Pt
Bru
Dprye = &

Pt

46



MPEG Encoding Case Study - cont’'d
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MPEG Encoding Case Study - cont’'d
The flow from the memory to S:
F3 ~ (Sbuffers Pt)
& 2 (pt, D2)
Fy ~ (Sbuffer + pD2, pt),

A charatcerization of S and its output:

Suer
S : (Pt, ol )

Pt

F5 ~ (QSbuffer + ,OtD2, pt)

The flows between memory and V:
Fy ~ (Sbuffer, Pt)
Cy : (p, Da)
Fy  ~ (Spuffer + ptDa, pt)

47



MPEG Encoding Case Study - cont’'d
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MPEG Encoding Case Study - cont’'d

End to end delay:

Dtotal :Dl + DmuX + DM’
+ Dryi+ Do+ Ds+ Drs + D3
+ Dmux + DM’ + DRM2 + D4

The flow at V:

Fr_ vy ~ (0 + ptDrotal, ,Ot)

48



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 (o, p) flows is
F ~ min(ai,pi),i > ()

F(b) — F(a) < miin(az- + pi(b—a))

Good analysis depends on good element models;

49



Network Calculus - Arrival Curves

bits

Given a monotonically increasing function «, defined for ¢ > 0,
« 1s an arrival curve for flow F' if for all 0 < a < b:

F(b) — F(a) < ab—a)



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 (f(t—s)+g(s))

0<s<t

51



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 (f(t—s)+g(s))

0<s<t

If «v is an arrival curve for F' we have:

F<F®a«a

51



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 (f(t—s)+g(s))

0<s<t

If «v is an arrival curve for F' we have:

F<F®a«a

and

F<a®a

with o ® o being the best bound that we can find based on
information of «.
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Network Calculus - Service Curves

F*(t)

bits

F(©) C F*(t)

Given a system S with an input flow F' and an output flow
F*. S offers the flow a service curve 5 if and only if 3 is
a monotonically increasing function and F* > F' ® 3 which
means that

F*(t) > inf (F(t) + B(t — s))

s<t
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Network Calculus - Backlog Bound
) £ (1)

bits

Npackiog| .

F(©) F*(t)
a C)B

Given a flow F' constrained by arrival curve o and a system
offering a service curve (3, the backlog F'(t) — F*(t) for all ¢
satisfies

F(t) - F7(t) < igg(&(S) — B(s))
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Network Calculus - Delay Bound £+ (1)

bits

. F(

F(t) F*(1)
a <:> B

Given a flow F' constrained by arrival curve « and a system
offering a service curve (3, the delay d(t) at time ¢t is

d(t) =inf(r >0: F(t) < F*(t+71)).

It satisfies

d(t) < h(a,B) =sup(inf(r > 0: a(t) < B(t+171)))

>0
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bits

£ F*(t)
a <:>B aoB L7

Given a flow F' constrained by arrival curve « and a system
offering a service curve 3, the output flow F™* is constrained
by the arrival curve a*

o =aQf.

(@ B)(t) = sup(a(t + s) — B(s))

s>0
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Network Calculus - Useful Functions

bits

p
R

Peak rate function:

T t t

Rate latency function: Affine function:

Ar(t) = Rt Brr(t) =Rt —T]"
0 fort =20
70,p(t) —
o+ pt fort>0
bits bits e bits
5 —_—e
4 —o
3 — P
2 —_—
I—o 1
T t Tt ZLF—t 3+—t 4+—t 5LI'—t éT—t T t
Burst-delay function: Staircase function: Step function:

0 fort<T
o (t) = -
T(> {oo fort > 1T

vr.(t) = [ (¢ +7)/T]

(1) 0 fort<T
u p—
r 1 fort>T

56



Network Calculus - Concatenation of Nodes

S/ B ® B

(&

~

F*

Bl @ B2
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Network Calculus - Concatenation of Nodes

S/ B ® B2
G G
|
a B 3>
b1 = Br,,m
Example:
B2 = PRy,

6R1,T1 ® 6R2,T2 — Bmin(Rl,Rg),Tl—l—TQ
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Network Calculus - Concatenation of Nodes

S/ B ® B2
G G
|
a B 3>
b1 = Br,,m
Example:
B2 = PRy,

6R1,T1 ® 6R2,T2 — Bmin(Rl,Rg),Tl—l—TQ

feg=gf
(fRgh=fo(gh)
(f+¢c)®g=(f®g)+ cforany constant c € R
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Network Calculus - Pay Bursts Only Once

F*

bits

R

R2

R2=min(R1, R2)

T1 T2 T1+T2
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Network Calculus - Pay Bursts Only Once

bits

F .

R

R2

R2=min(R1, R2)

T1 T2 T1+T2

& = Yp,o
B1 = Br, 7, = R1max(0,t — 1)
Bo = Br, 1, = Roemax(0,t — Tb)
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Network Calculus - Pay Bursts Only Once

R

bits
R2

R2=min(R1, R2)

F* o

T1 T2 T1+T2 ¢

Q= Yp,o
B1 = Br, 7, = Rimax(0,t — 1)
Bo = Br, 1, = Romax(0,t — 1)
BRri, 11 @ BRo, Ty = Bmin(Ry,Ry),T+T, = Min(Ry, Re) max(0,t — (11 + T3))
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Network Calculus - Pay Bursts Only Once

R

bits
R2

R2=min(R1, R2)

F* o

T1 T2 T1+T2 ¢

& = Yp,o
B1 = Br, 7, = R1max(0,t — 1)
Bo = Br, 1, = Romax(0,t — 1)
Br., Ty @ BRy, Ty = Bmin(Ry,Ry), Ty +T, = Min(Ry, Re) max(0,t — (11 + T3))
o o pli

Dl—l-Dz:R—-I—R + R + 17+ 15
1 2




Network Calculus - Pay Bursts Only Once

F*

&= Yp,o

bits

R

R2

R2=min(R1, R2)

T1 T2 T1+T2

B1 = Br, 7, = R1max(0,t — 1)
Bo = Br, 1, = Romax(0,t — 1)

Br., Ty @ BRy, Ty = Bmin(Ry,Ry), Ty +T, = Min(Ry, Re) max(0,t — (11 + T3))

o o pli
D Do = — T + T
1+ Do R1+R2+R2+ 1+ 1o
o
Dc = T, + T
S Inirl(}{l,f%Q) %_ ! %_ 2
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Data Protection

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

*x 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
« 2NN 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
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errors per packet

Errors per Packet

Errors per packet depending on the voltage

0.0008 I I I I I_ I
Sc.l: No error protection ———
0.0007 r .

Sc.lll: Network layer -
0.0006 |
0.0005 |
0.0004 [  «
0.0003 | “
0.0002 |
0.0001 |

N N
K K

0.7 08 0.9 1 1.1 12 13 14
Voltage [V]




power [Joule]

Power Consumption per Useful Bit

Power consumption per useful bit depending on the voltage

5.5e-10
5e-10
4.5e-10
4e-10
3.5e-10
3e-10
2.5e-10
2e-10
1.5e-10

| SC.I: No errorlprotecﬁon $
Sc.Ill: Network layer x% ,
0.7 08 0.9 1 1.1 12 13

Voltage [V]
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power [Joule]

Power Consumption vs. Error Rate

2.8e-10

2.6e-10

2.4e-10

2.2e-10

2e-10

1.8e-10

1.6e-10

power consumption VS error rate

Sc.I: No error blrotect'ion' —

Sc. lll: Network layer -

¥

1le-05

0.0001
Errors per packet
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Low Power encoding - Conclusion

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

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

e End-to-end data protection decreases power consumption
for 8 x 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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Clock input
——

Globally Pseudosynchronous Clocking - cont’d

. —@® — @ _— 0

T ;

S (A

® e 0 —~ 0

; - \

@ — @ e ®

(.
i |

® — 0 - ® — 0

e Downstream data create low latency
paths (Data Motorways)

* Guaranteed data motorways

* Phase related data motorways
e Periphery roundtrip:

* 14 cycles downstream

* 21 cycles upstream

* 24 cycles synchronous
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Globally Pseudosynchronous Clocking - cont’d

Probability (%)

a0

o
O

—a
_

—— 3 scheme 1 fixed, 7IE|'-.I'§|=3.TE s
m b scheme 2 M=1, avg=2 96 ns

¢, scheme 3 M=2, avg=2. 29n5

///\ d, scheme 3M=4, avgE2 28 ns

2 4 G
Average latency ns)

I

8 10

4x4 network, 50% emmision
rate

e (a) Synchronous clocking,
uniform routing

e (b) Synchronous clocking,
centrifugal routing

e (c) pseudosynchronous
clocking, 2 phases

e (d) pseudosynchronous
clocking, 4 phases
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Globally Pseudosynchronous Clocking - cont’d

G 2]
————— a, scheme 1 ixed | —e—3a, zcheme 2 M=1,10% rate
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Potential of Dynamic Voltage Scaling - Power

!—l
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P
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total power [Joule]

Potential of Dynamic Voltage Scaling - Hops

05
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Frequency [MHz]

Potential of Dynamic Voltage Scaling - Load variations

Network frequency (NetData) < 09 . ’
A Ediadapn 050 70 4N T 2 osp
req=-ddaptiv z), Emis id:onst L |
Freg gaBtl\/&O - ;6 MH ZL m|s§+¢¢h$t "/ F4-tl s 0.7
200 |- - rég==adaptiv z), Emiss= vgnabg;;t;—tﬁ =
1 Freq=adaptiv 0 5- 0 O 4I\/IHz| Emlss ————— ~ 06
| L @
150 ‘r" L**’*’*****************i T :r*** : :"I‘ | —r*?r**E:—: % 0-5
fi :iué : i 5 l: ::I q;)' 0.4
].00 -+ - - - = ‘,JI:" :‘J L D E 03 |
< 0.2 Fre adaptiv(0.5-0.7/0.4MHz), Emiss=const 15% ——
50 g re§ ad aBtNE 0720 Hz'}_‘ m|ss const 50"?> —————
2 0.1 req ad ap |v 5 7 AMHz m|ss variable -------
0 > 0 Freq= - apt|v 0. 5‘0 O4MHz ) m‘|ss:B—‘3O 0 T”
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Elapsed cycles Elapsed cycles
0.9 FEw
® ATy eq= onst 100MHZ émISS é nst
S 0.8 w‘w e uf“n‘f“""”\wuﬂ WQPSW%@@MOH ﬁ'EmEs,Em g Oinstin :{‘;W ey
x I{@Q cons MmISS=V. r|a 77777777
g 0.7 L eq const 100MHz Emiss= o —mmm ]
’» J l{\n il
g 06 i* ‘ "h"r ',;“ :’l'l\'\f”ﬁn“’l‘. h
a 0.5} ,” m" w,yﬁlm | N‘\" l‘trﬂq\,r I‘ m'\ 'H {t/"",ni ‘*u;':% \;MI']'\,:L‘;Lk
3] it " l'lfll ll: m\ t : |""'/""s‘\vm e \" I' "' \V l\ ru, m‘\'-
8 04 = |i_|l| i (II v v L.)j«‘l ))I\‘,- T\
[RETIY Iy
E 0.3 ‘i'.l ] *J.'a;’ i-,!,"}:*‘ it
x 0.2 M l "
o}
201} i
-
0

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Elapsed cycles



Packet delay [sec]
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Nostrum Simulation Environment

e Nostrum NoC Simulation Environment (NNSE)
e Based on SystemC simulator
e Configuration paramaters:

* Size

x Topology (Mesh, Torus)

* Switching and routing (deflective, wormhole)

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

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

e Useful to analyse the zillion trade-offs in NoC design.
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NNSE Network Configuration

Project Hetwork Traffic Simulation Help

{ —

roject: testproject.p
Configured Network:

Hetwork and Traffic configuration files

testproject.nxml | Network Configuration
Configured Traffic:
e el Network topology
traffic-2.dzml Mumber of nodes on X [2, 8]: |E Choose structure: kMesh — |
Evaluation Results: Number of nodes on ¥ [2, 6]: |4 Choose connection: Duplex — |
Link bandwidth {data hits): 96 — |
— 4 Deflection routing———— - Wormhole routing
Number of ¥Cs per PC [2, 4]: |4
Routing algorithm: Dimension X-Y — |
Number of buffers per VC [2, 8]: |2
Deflection policy: Age = | Routing algorithm:  Dimension X-¥  —

Menu status:




NNSE Traffic Configuration

Project Hetwork Traffic Simulation Help

{ —

roject: testproject.p

Hetwork and Traffic configuration files
Configured Network:
testproject.nxml | Traffic Configuration
Configured Traffic: :
U=l gt — Spatial specification
traffic-2.dzml
Distribution: Locality —
Evaluation Results:
— Distnbution specification
Array of source nodes: |.f-‘-.II
frray of destination nodes: |P~II
Array of locality factor: |1
— Temporal specification
Distribution: Hormal —
Inter-arvival Time Specification
Mean Interarvival: |[3, 5, 7,4
Standard Deviation: |[IZIJ 0,0,m
£
P~ [ >

Menu status: |




Summary of Nostrum Status

e Nostrum defines a 2 D mesh topology;

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

e Packet switched and virtual circuit communication services:
e Buffer-less, loss-less switch with no routing tables;

e 2 level data protection scheme;

e Session layer communication primitives;

e Flexible NoC Simulator;

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