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Introduction

\ | nterconnection
Network

e Topology: How switches and
/ nodes are connected

e Routing algorithm: determines
the route from source to
destination

e Switching strategy: how a
message traverses the route

K Network .
i Netuiork Ei Ml e Flow control: Schedules the
| traversal of the message over
| Communication Communication time
assistm ’—‘—‘ assistm
Mem P Mem P
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Basic Definitions

Message is the basic communication entity.

Flit is the basic flow control unit. A message consists of 1 or
many flits.

Phit is the basic unit of the physical layer.
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Basic Definitions

Message is the basic communication entity.

Flit is the basic flow control unit. A message consists of 1 or
many flits.

Phit is the basic unit of the physical layer.

Direct network is a network where each switch connects to
a node.

Indirect network is a network with switches not connected
to any node.

Hop is the basic communication action from node to switch
or from switch to switch.

Diameter is the length of the maximum shortest path
between any two nodes measured in hops.

Routing distance between two nodes is the number of hops
on a route.

Average distance is the average of the routing distance
over all pairs of nodes.
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Basic Switching Techniques

Circuit Switching A real or virtual circuit establishes a
direct connection between source and destination.
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Basic Switching Techniques

Circuit Switching A real or virtual circuit establishes a
direct connection between source and destination.

Packet Switching Each packet of a message is routed
independently. The destination address has to be provided
with each packet.

Store and Forward Packet Switching The entire packet is
stored and then forwarded at each switch.

Cut Through Packet Switching The flits of a packet are
pipelined through the network. The packet is not
completely buffered in each switch.

Virtual Cut Through Packet Switching The entire packet
is stored in a switch only when the header flit is blocked
due to congestion.

Wormhole Switching is cut through switching and all flits
are blocked on the spot when the header flit is blocked.
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Latency
1 2 3 4
A
B
C
D

Time(n) = Admission 4+ RoutingDelay + ContentionDelay

Admission is the time it takes to emit the message into the network.
RoutingDelay is the delay for the route.

ContentionDelay is the delay of a message due to contention.

A. Jantsch, KTH
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Routing Delay

Store and Forward: Tsp(n,h) = h(F + A)

n ... message size in bits

n, ... size of message fragments in bits
h ... number of hops

b ... raw bandwidth of the channel

A ... switching delay per hop
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Store and Forward:

Circuit Switching:

Routing Delay
Tsf(n, h) — h(% + A)

Tes(n,h) = F + hA

. message size in bits

. size of message fragments in bits
. number of hops

. raw bandwidth of the channel

. switching delay per hop
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Routing Delay

Store and Forward: Tsp(n,h) = h(F + A)

Tcs ,h = hA
Circuit Switching: (n,h) b T

Tc 7h =L hA
Cut Through: t(n, h) p T

n ... message size in bits

n, ... size of message fragments in bits
h ... number of hops

b ... raw bandwidth of the channel

A ... switching delay per hop
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Routing Delay

Store and Forward: Tsp(n,h) = h(F + A)

Tcs ,h = hA
Circuit Switching: (n,h) b T

Tet(n,h) =2+ hA
Cut Through: fn,h) =5+

Tsr(n, h,ny) = =572 + h(52 + A)

Store and Forward with
fragmented packets:

n ... message size in bits

n, ... size of message fragments in bits
h ... number of hops

b ... raw bandwidth of the channel

A ... switching delay per hop

= p
ey A. Jantsch, KTH
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Average latency

12000

Routing Delay: Store and Forward vs Cut Through

SF vs CT switching; d=2, k=10, b=1
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Routing Delay: Store and Forward vs Cut Through

SF vs CT switching; d=2, k=10, b=1 SF vs CT switching; d=2, k=10, b=32
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Local and Global Bandwidth

Local bandwidth = b[bits/second]
Total bandwidth = Cb|bits/second] = Cw|bits/cycle] = C|phits/cycle]
Bisection bandwidth ... minimum bandwidth to cut the net into two equal parts.

b ... raw bandwidth of a link;

: A ... switching time for each switch in cycles;
N ... message size;

wA ... bandwidth lost during switching;

ng ... size of message envelope;
C' ... total number of channels;

w ... link bandwidth per cycle;

1 2 3 4
For a k x k mesh with bidirectional channels: A
Total bandwidth = (4k2 — 4k)b B
Bisection bandwidth = 2kb C
D

A. Jantsch, KTH
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Link and Network Utilization

Nhl
total load on the network: L = W[phits/cycle]
Nhl
load per channel: p = M—C[phits/cycle] <1

M ... each host issues a packet every M cycles

C' ... number of channels

N ... number of nodes

h ... average routing distance

[ =n/w ... number of cycles a message occupies a channel
n ... average message Size

w ... bitwidth per channel

A. Jantsch, KTH
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Network Saturation

Network saturation Network saturation
d=
5=}
3
>
g 5
3 b
5o
(@)
Delivered bandwidth

Offered bandwidth

Typical saturation points are between 40% and 70%.
The saturation point depends on

e Traffic pattern
e Stochastic variations in traffic

e Routing algorithm

A. Jantsch, KTH
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Organizational Structure

e Link
e Switch

e Network Interface

A. Jantsch, KTH
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Link

Short link At any time there is only one data word on the
link.

Long link Several data words can travel on the link
simultaneously.

Narrow link Data and control information is multiplexed on
the same wires.

Wide link Data and control information is transmitted in
parallel and simultaneously.

Synchronous clocking Both source and destination operate
on the same clock.

Asynchronous clocking The clock is encoded in the
transmitted data to allow the receiver to sample at the
right time instance.

A. Jantsch, KTH
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I nput
ports

Switch
I nput Output :
Receiver buffer buffer Transmitter
. . Crossbar - - 1
i FTT T
my L
Control
(Routing, Scheduling)

Output
ports
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Switch Design Issues

Degree: number of inputs and outputs;
Buffering

e Input buffers

e Output buffers

e Shared buffers
Routing

e Source routing

e Deterministic routing

e Adaptive routing
Output scheduling
Deadlock handling

Control flow

A. Jantsch, KTH
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Network Interface

Admission protocol
Reception obligations
Buffering

Assembling and disassembling
of messages

Routing

Higher level services and
protocols

A. Jantsch, KTH



Network on Chip Tutorial, ASPDAC 2008 Topologies - 17

Interconnection Topologies

e Fully connected networks

e Linear arrays and rings

e Multidimensional meshes and tori
e Trees

e Butterflies

A. Jantsch, KTH



Network on Chip Tutorial, ASPDAC 2008 Topologies - 18

Fully Connected Networks

Bus: switch degree
diameter

Node distance
network cost
Crossbar: switch degree

total bandwidth
bisection
4/7
N
diameter = 1
. distance = 1
Node network cost O(N?)

bandwidth
total bandwidth = Nb
bisection

bandwidth

|
S S Qi

|
=
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Linear Arrays and Rings

Linear

array:
Linear array
Torus

Torus:
Folded torus

switch degree
diameter
distance
network cost
total bandwidth
bisection
bandwidth

switch degree
diameter
distance
network cost
total bandwidth
bisection
bandwidth

%

l

N -1
2/3N
O(N)
2(N — 1)b
2b

N/2
1/3N
O(N)
2Nb
4b
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Multidimensional Meshes and Tori

2—d mesh

k-ary d-cubes are d-dimensional tori with
% unidirectional links and k£ nodes in each
dimension:
¢ ¢ ¢ ¢ number of nodes N = &k
R R ] switch degree = d
diameter = d(k—-1)
2—d torus
N distance ~ d(k—1)
network cost = O(N)
total bandwidth = 2Nb
bisection bandwidth = 2k(d—1)p

e A. Jantsch, KTH
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Average distance
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Routing Distance in k-ary n-Cubes

Network Scalability wrt Distance
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Projecting High Dimensional Cubes

o] S

2-ary 2—cube
2—-ary 3—cube

TSN

- R

ACIASEUE 2-ary 5—cube

A. Jantsch, KTH



Network on Chip Tutorial, ASPDAC 2008 Topologies - 23

Binary Trees

[ 4 number of nodes N = 2¢
number of switches = 2¢_—1
°  switch degree = 3
: diameter = 2d
distance ~ d+2
network cost = O(N)
/O\ /D\ fO\ fO\ /D\ fO\ fO\ /D\ " total bandwidth = 2.2(N—1)b
® 00 00 00 00 00 00 00 O o bisection bandwidth = 2b
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k-ary Trees

[ 4  number of nodes N = k¢
number of switches ~ k¢

°  switch degree = k+1
: diameter = 2d

distance ~ d-+ 2

network cost = O(N)

R /D\ R /‘O\ /‘D\ R /‘O\ /‘D\ " total bandwidth = 2-2(N—-1)b

® 00 00 00 00 00 00 00 O bisection bandwidth = kb
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Binary Tree Projection

e Efficient and regular 2-layout;

e Longest wires in resource width:

B W = oLt

2 3 4 5) 6 7 8 9 10
4 8 16 32 64 128 256 512 1024

CHOH
CHOH

[H[E{J
CHOH

A. Jantsch, KTH



Network on Chip Tutorial, ASPDAC 2008 Topologies - 26

k-ary n-Cubes versus k-ary Trees

k-ary n-cubes: k-ary trees:
number of nodes N = k¢ number of nodes N = k¢
switch degree — d+2 number of switches ~ k4
diameter — dk—1) switch degree = k+1
distance ~ di(k—1) d?ameter =
distance ~ d—+ 2
D @os = OW) network cost = O(N)
total bandwidth = 2Nb total bandwidth = 2.2(N—1)
bisection bandwidth = 2k(@=Dp bisection bandwidth = kb
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Fat Trees

S

fat nodes

16—node 2-ary fat—tree

A. Jantsch, KTH



Network on Chip Tutorial, ASPDAC 2008 Topologies - 28

k-ary n-dimensional Fat Tree Characteristics

number of nodes N = k¢
number of switches = k% 1d
switch degree = 2k
diameter = 2d
distance ~ d
network cost = O(Nd)
Cesesesesesosose U L ova

bisection bandwidth = 2k~ 1
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k-ary n-Cubes versus k-ary d-dimensional Fat Trees

k-ary n-cubes: k-ary n-dimensional fat trees:

number of nodes N = k¢ number of nodes N = k¢
switch degree — d number of switches = k% 1d
diameter — Ak —1) switch degree = 2k

. P diameter = 2d

Stance ~ =1 distance ~ d

network cost = O(N) network cost = O(Nd)
total bandwidth = 2Nb total bandwidth = 2Ndb
bisection bandwidth = 2k(@-Dp bisection bandwidth = 2k%1b

A. Jantsch, KTH
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Relation between Fat Tree and Hypercube

binary 2—dim fat tree

binary 1-cube

A. Jantsch, KTH
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Relation between Fat Tree and Hypercube - cont’d

binary 3—dim fat tree

O\

binary 2—cube

binary 2—cube

A. Jantsch, KTH
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Relation between Fat Tree and Hypercube - cont’d

AT
® 00 00 00 00 00 00 00 O

binary 4-dim fat tree

binary 3—cube binary 3—cube
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Trade-offs in Topology Design for the k-ary n-Cube

e Unloaded Latency

e Latency under Load

A. Jantsch, KTH
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Average latency
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Network Scaling for Unloaded Latency

Latency(n)

RoutingDelay T,.;(n, h)

RoutingDistance h

Network scalabilit wrt latency (m=32)

Admission 4+ RoutingDelay 4+ ContentionDelay

n
—+ hA
b+

Network scalabilit wrt latency (m=128)
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I 240
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Unloaded Latency for Small Networks and Local Traffic

Network scalabilit wrt latency (m=128) Network scalabilit wrt latency (m=128; h=dk/5)
137 T T T T T T T T 132 T T T T T T e
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136 T =
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4
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g g
< 133 5 1305 .
g g
132
< Z 130 P ; 3 : y |
131
1295 1
1304 n
129 | | | | | | | | 129 | | | | | | | |
10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100

Number of nodes Number of nodes
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Average latency

120

100

B (o2}
o o

N
o
N

Unloaded Latency under a Free-Wire Cost Model

Free-wire cost model:
without penalty.

Latency wrt dimension under free—wire cost model (m=32;b=32)

(0]
o

Wires are free and can be added

Latency wrt dimension under free—wire cost model (m=128;b=32)
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Average latency
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20’

Unloaded Latency under a Fixed-Wire Cost Models

Fixed-wire cost model: The number of wires is constant per

node:

128 wires per node: w(d) = |%}].

d 2 3 4
w(d)

Latency wrt dimension under fixed-wire cost model (m=32;b=64/d)
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Average latency

400
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Unloaded Latency under a Fixed-Bisection Cost Models

Fixed-bisection cost model: The number of wires across the
bisection is constant: ;

bisection = 1024 wires: w(d) = £ = @

Example: N=1024:

d 2 3 4

5 6 7 8 9 10
w(d) 512 16 5 3 2 2 1 1

1

Latency wrt dimension under fixed—bisection cost model (m=32B;b=k/2) Latency wrt dimension under fixed—bisection cost model (m=128B;b=k/2)
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Average latency
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Unloaded Latency under a Logarithmic Wire Delay Cost Models

Average latency

Fixed-bisection Logarithmic Wire Delay cost model: The
number of wires across the bisection is constant and the delay
on wires increases logarithmically with the length [Dally, 1990]:
Length of long wires: [ = k21

d
Tco<1—|—logl:1—|—(§—1)logk

Latency wrt dimension under fixed-bisection log wire delay cost model (m=32B;b=k/2) Latency wrt dimension under fixed-bisection log wire delay cost model (m=128B;b=k/2)
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Average latency

Unloaded Latency under a Linear Wire Delay Cost Models

Fixed-bisection Linear Wire Delay cost model: The number
of wires across the bisection is constant and the delay on wires
increases linearly with the length [Dally, 1990]:

Length of long wires: [ = k21

T ol = ki !

Latency wrt dimension under fixed—bisection log wire delay cost model (m=32B;b=k/2) Latency wrt dimension under fixed—bisection log wire delay cost model (m=128B;b=k/2)
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30000
8000 >
c 250001
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6000 o 20000
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€
9 15000
4000 <
10000
2000
5000 -
0 L A
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Dimension Dimension
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Latency under Load

Assumptions [Agarwal, 1991]:

e k-ary n-cubes
e random traffic
e dimension-order cut-through routing

e unbounded internal buffers (to ignore flow control and
deadlock issues)

A. Jantsch, KTH
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Latency under Load - cont’d

Latency(n) = Admission + RoutingDelay + ContentionDelay

T(m, k,d,w,p)
T(m,k,d,w,p)

W(m,k,d,w, p)

h

> & 3

RoutingDelay 4+ ContentionDelay
T dhy(A + W (m, k, d,w, p))
w

m I hr—1 1
: : N
w (I—=p) b ( +d>

d(k — 1)

1
2

.- message size

-+ bitwidth of link

- aggregate channel utilization

- average distance in each dimension
- switching time in cycles

A. Jantsch, KTH
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Latency vs Channel Load

Latency wrt channel utilization (w=8;delta=1)
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Latency under Load for Hot Potato Routing
Assumptions [Jantsch 2006]:

e 2 dimensional mesh

e empirical model to be validated for each traffic pattern
e non-minimal deflection / hot potato routing

e no internal buffers

e single flit packets

2 2
latency = gkAé < gkADl(E)

k .- - average distance

A - switching time in cycles

0 - deflection factor

E - - - packet emission probability per node

D1(F) --- delay bound for 90% of packets under uniform traffic

A. Jantsch, KTH
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Quality of Service

e Best Effort (BE)

* Optimization of the average case
* Loose or non-existent worst case bounds
* Cost effective use of resources
e Guaranteed Service (GS)
* Maximum delay
* Minimum bandwidth
* Maximum Jitter

* Requires additional resources

A. Jantsch, KTH
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Regulated Flows
A Flow F'is (o, p) regulated if

F() — F(a) <o+ 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;

A. Jantsch, KTH
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Regulated Flows
A Flow F'is (o, p) regulated if

F() — F(a) <o+ 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;

F() N
o+plt)
tt G G te

A. Jantsch, KTH
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(0, p) Regulator

¥

Ratep of tokens

Token
gueue

(0,p) regulated flow

—> o 00
Unregulated flow

]
-0

1 byte/token

A. Jantsch, KTH
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Regulated Flows - Delay Element

=Tl
noT

A. Jantsch, KTH
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Regulated Flows - Delay Element

=Tl
noT

Fl ~ (O-ap)

Fy ~ (0 + pD,p)

A. Jantsch, KTH
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Regulated Flows - Work Conserving Multiplexer

F D D

A. Jantsch, KTH
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Regulated Flows - Work Conserving Multiplexer

i

NT 1

0 D

B

Fy

Fs

link bandwidth b
F3

maximum delay D

maximum backlog B

(017 /01)
(027p2)
p1 + P2

A. Jantsch, KTH
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Work Conserving Multiplexer - 1

Bt maxB
Py
T 1
1 b—=P.~ P,
b
N tl " 1:2 T tdrajn - Tlme
t=0~ Taccu -

A. Jantsch, KTH
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Work Conserving Multiplexer - 1

Bt maxB
Py
1 1: 1
1 b—P:~ P,
b
N tl " 1:2 T tdrajn - Tlme
t=0~ Taccu -

Phase 1 (t1): Fi and F5 transmit at full speed;

A. Jantsch, KTH
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Work Conserving Multiplexer - 1
Bn

,,,,, maxB
Py
1 11 1
1 b_pl_pZ
x i
Tt LT Eorain = Time
t:0< taccu -

Phase 1 (t1): Fi and F5 transmit at full speed;
Assume: At t = 0 the queue is empty; t1 < t.ccu

A. Jantsch, KTH
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Work Conserving Multiplexer - 1
Bn

,,,,, maxB
Py
1 11 1
1 b_pl_pZ
x i
Tt LT Eorain = Time
t:0< taccu -

Phase 1 (t1): Fi and F5 transmit at full speed;
Assume: At t = 0 the queue is empty; t1 < t.ccu
Injection rate: 2b; Drain rate: b

A. Jantsch, KTH
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Work Conserving Multiplexer - 1
Bn

,,,,, maxB
Py
1 11 1
1 b_pl_pZ
x i
Tt LT Eorain = Time
t:0< taccu -

Phase 1 (t1): Fi and F5 transmit at full speed;
Assume: At t = 0 the queue is empty; t1 < t.ccu
Injection rate: 2b; Drain rate: b

bty = o1+ pita
01

T =
b— p1

A. Jantsch, KTH
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Work Conserving Multiplexer - 2

Bt maxB
Py
1 11 1
1 i b=P,— R,
b
N tl - 1:2 - tdrain - Tlme
L

A. Jantsch, KTH



Network on Chip Tutorial, ASPDAC 2008 Quality of Service - 51

Work Conserving Multiplexer - 2

Bt maxB
Py
1 ; 1
1 b_pl_ P,
b
K tl T 1:2 T tdrain - Tlme
L

Phase 2 (t3): F} transmits at rate p1, F» transmits at full speed;

A. Jantsch, KTH
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Work Conserving Multiplexer - 2

B maxB
Py
1 ; 1
1 b—P,— P,
. i
K tl T 1:2 T tdrain - Tlme
L

Phase 2 (t3): F} transmits at rate p1, F» transmits at full speed;
Injection rate: b+ pq; Drain rate: b

A. Jantsch, KTH
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Work Conserving Multiplexer - 2

B maxB
Py
1 ; 1
1 b—P,— P,
. i
K tl T 1:2 T tdrain - Tlme
L

Phase 2 (t3): F} transmits at rate p1, F» transmits at full speed;
Injection rate: b+ pq; Drain rate: b

btaccu = 02+ p2taccu
02
taccu — h— 09

A. Jantsch, KTH
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Work Conserving Multiplexer - 3
Bn

1/ b=p,~ P,

gh = Time

i

—H
=

Y

I
N

\

I
&
S
>

Y

A

0

t

taccu

A. Jantsch, KTH
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Work Conserving Multiplexer - 3
Bn

,,,,, maxB
D
1 11 1
1 b—P:= P,
b
5 1:1 - 1:2 i tdrain - Tlme
t:0< taccu -

Phase 3 (tqrain): F1 transmits at rate p;, F5 transmits at rate po;

A. Jantsch, KTH
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Work Conserving Multiplexer - 3

BY maxB
Py
1 ; 1
1 b—P:— P,
) \
1 Tt T tavain = Time
t:0< taccu -

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

A. Jantsch, KTH
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Work Conserving Multiplexer - 3

BY maxB
Py
1 ; 1
1 b—P:— P,
) \
1 Tt T tavain = Time
t:0< taccu -

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

A. Jantsch, KTH
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Work Conserving Multiplexer - 3
Bn

,,,,, maxB
Py
1 11 1
1 b_pl_pZ
] i
Tt 6L T Eorain = Time
t:0< taccu -

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

t BmaX
drain —

b—p1— p2
Bhax = 0bt1 4 piteo

A. Jantsch, KTH
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Work Conserving Multiplexer - 3
Bn

,,,,, maxB
Py
1 11 1
1 b_pl_pZ
] i
Tt 6L T Eorain = Time
t:0< taccu -

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

t BmaX
drain —
b—p1— p2
o
Brax = bt1+ piteo =01 + L
b — p2

A. Jantsch, KTH
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Work Conserving Multiplexer - Summary

Bt maxB
Py
1 11 1
1 i b=—P,— R,
b
R tl " 1:2 b tdrain - Tlme
S,

A. Jantsch, KTH
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Work Conserving Multiplexer - Summary

Bt maxB
Py
1 11 1
1 i b—P:~ P,
b
R tl " 1:2 b tdrain - Tlme
L
Bmax = 01+ e
b — p2

A. Jantsch, KTH
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Work Conserving Multiplexer - Summary

Bt maxB
Py
1 11 1
1 i b=—P,= P,
b
K tl " 1:2 T tdrain - Tlme
L
Bmax = 01+ P
b — p2
Dmax — taccu + tdrain — A
b—p1— p2

A. Jantsch, KTH
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Work Conserving Multiplexer - Summary

Bt maxB
Py
1 11 1
1 i b=—P,= P,
b
K tl " 1:2 T tdrain - Tlme
L
Bmax = 01+ P
b — p2
Dmax — taccu + tdrain — A
b—p1— p2

Fs ~ (014 02,p1+ p2)

A. Jantsch, KTH
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MPEG Encoding Case Study

A. Jantsch, KTH
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MPEG Encoding Case Study

Pr ocessor

| nter connect

A. Jantsch, KTH
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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

= ocr Custom
|_| ‘/\/

(/] \\ /

| nter connect

A. Jantsch, KTH
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MPEG Encoding Case Study - cont’d

() (v

Fl ~ (Oapt)

A. Jantsch, KTH
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MPEG Encoding Case Study - cont’d

£y~ (0, pt)
Ch: (Pt,D1>
Co: (Pt7D2)
Cl . (pt7D3)
Cy: (Pt,D4>

A. Jantsch, KTH
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MPEG Encoding Case Study - cont’d

£y~ (0, pt)
Ch: (Pt,D1>
Co: (Pt7D2)
Cl . (pt7D3)
Cy: (Pt,D4>

A. Jantsch, KTH






M’ . (th, DM/)

For a general multiplexer we have:
01+ 02

Cout — p1 — P2

Dmux —

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




(2p¢, D)

For a general multiplexer we have:
o1+ 09

Cout — p1 — P2

(o1 + 02, p1 + p2)
(pt(Dl + Dmux + DM’)apt)




(2p¢, D)

For a general multiplexer we have:
o1+ 09

Cout — p1 — P2

(o1 + 02, p1 + p2)

(pt(Dl + Dmux + DM’)apt)
?
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MPEG Encoding Case Study - cont’d

A. Jantsch, KTH
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MPEG Encoding Case Study - cont’d

Ry ~ (Sbuffera pt);
Rra ~ (Sbuffers Pt );

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

A. Jantsch, KTH
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MPEG Encoding Case Study - cont’d

Ry ~ (Sbuffera pt);
Rra ~ (Sbuffers Pt );

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

max (0,0’ — o)
0
B(a, p)-regulator maX(Oa o' — J)

D(a, p)-regulator

A. Jantsch, KTH



Rar1 ~ (Shuffers Pt);
RMZ ~ (Sbufferapt);

Rgs ~ (Shuffers Pt);
Shuffer 1S the size of the input buffer in S.

F6 ~ (Sbuffera pt)

Cs : (p, D3)
Fr ~  (Sbuffer + ptDs3, pt)
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MPEG Encoding Case Study - Memory

F Fv3

£ j Fv J@EI\/I»Z(—»
— —
7

FM 4

A. Jantsch, KTH



(2p¢, Darr)
or+0o2  Spufrer + pt(D1 + D3)
Cout — P1 — P2 B Cout — 2p¢
(Shuffer + p¢(D1 + D3), 2p,)
Sbutfer + pt(D1 + D3 4+ 2D 1), 2p¢)

(
(p¢(D1 + Diuz + D), pt)
(Sbuffer + pt(D3 + Dz + DM’) pt)
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MPEG Encoding Case Study - cont’d

A. Jantsch, KTH



Backlog of the regulators:

Brwi max (0, p¢(D1 + Dmux + D)
— Sbuffer)

Bro max (0, 128 B + p¢(D3 + Dmux
+ D) — Sbuffer)

Delay of the regulators:

Dran

Dprro
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MPEG Encoding Case Study - cont’d

A. Jantsch, KTH



The flow from the memory to S:
~ (Sbuffer Pt)
2 (pt; D2)
~ (Sbuffer + D2, pt),

A charatcerization of S and its output:

g : (,Oty Sbuffer)

Pt

Fs ~  (2Spuffer + ptD2, pt)

The flows between memory and V:
Fy ~ (Sbuffer; Pt)
Cy : (p, Da)
Fy  ~ (Sbuffer + ptDu4, pt)
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MPEG Encoding Case Study - cont’d

A. Jantsch, KTH
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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_v ~ (0+ ptDiotal, pt)

A. Jantsch, KTH
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Modeling with Regulated Flows

e Interconnect:

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

* Model each node in the interconnect as an arbiter;
e Model read request, write acknowledge as separate flows;
e Model synchronization as separate flows;

e A simple generalization of (o, p) flows is
F ~ min(oy, p;),i > 0

F(b) — F(a) < miin(az- + pi(b—a))

e Good analysis depends on good element models;

A. Jantsch, KTH
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Network Calculus - Arrival Curves

bits

a (t)

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) < b — a)

A. Jantsch, KTH
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Network Calculus - Min-Plus Convolusion

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

(f ®g)(t) = inf (f(t—s)+g(s))

0<s<t

A. Jantsch, KTH
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Network Calculus - Min-Plus Convolusion

Given two monotonically increasing functions f and g. The
min-plus convolusion of f and ¢ 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<FQa«

A. Jantsch, KTH
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Network Calculus - Min-Plus Convolusion

Given two monotonically increasing functions f and g. The
min-plus convolusion of f and ¢ 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<FQa«

and

F<a® o

with a ® o being the best bound that we can find based on
information of .

A. Jantsch, KTH
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Convolution Example 1

f(t
20 4 f(t) = it
T — for t
o(t) = co(t —c3) for >.03
0 otherwise
a(t) h=f®g
‘ ; Co < C1
0 t, t= 2t t
t2 — 2751 — 203

A. Jantsch, KTH
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Convolution Example 1

f(t
20 4 f(t) = it
T — for t
o(t) = co(t —c3) for >.03
0 otherwise
g(t) h=f®g
‘ ; Co < C1
0 t, t= 2t t
t2 — 2751 = 203

h(0) = min(f(0) + g(0)) =0

A. Jantsch, KTH
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Convolution Example 1
f(t)

F(t) f(t) =cit
co(t —c3) fort > c3
g(ty = § 2~ |
0 otherwise
a(t) h=f®g
‘ ; C2 < C1
0 t, =2t t
t2 — 2751 — 203

h(0) = min(f(0) + ¢(0)) =0
h(t1) = min(f (1) +g(0), f(0) + g(t1)) = min(ci£1,0) = 0

A. Jantsch, KTH
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Convolution Example 1

f(t
20 4 f(t) = it
T — for t
o(t) = co(t —c3) for >.03
0 otherwise
g(t) h=f®g
‘ ; Co < C1
0 t, t= 2t t
t2 — 2751 = 203

h(0) = min(f(0) +g(0)) =0
h(t1) = min(f(t1) + ¢(0), £(0) + g(¢1)) = min(c1t1,0) = 0
(t2) = min(f(t2) + g(0), f(t1) + g(t2 —t1), f(0) + g(¢2))

Seges? A. Jantsch, KTH
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Convolution Example 1

F(t) 0 (1) = ert
_ Jeat —c3) fort>c3
9(t) = {O otherwise
9(t) h=f®g
; Coy < Cq
0) t, =21 t
t2 — 2751 — 203
h(0) = min(f(0) + g(0)) =0
h(t1) = min(f (1) +g(0), f(0) + g(t1)) = min(ci£1,0) = 0
h(t2) = min(f(t2) + g(0), f(t1) + g(t2 — t1), f(0) + g(t2))
= min(tgcl, thl, CQ(tQ — 63)) = min(QCgcl, C3(Cq, 6203) — C9C3 — g(tg)

A. Jantsch, KTH
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Convolution Example 1

F(t) 0 (1) = ert
_ Jeat —c3) fort>c3
9(t) = {O otherwise
9(t) h=f®g
; Coy < Cq
0) t, =21 t
t2 — 2751 — 203
h(0) = min(f(0) + g(0)) =0
h(t1) = min(f (1) +g(0), f(0) + g(t1)) = min(ci£1,0) = 0
h(t2) = min(f(t2) + g(0), f(t1) + g(t2 — t1), f(0) + g(t2))
= min(tgcl, thl, CQ(tQ — 63)) = min(QCgcl, C3(Cq, 6203) — C9C3 — g(tg)
h(t) = g(t)

A. Jantsch, KTH
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Convolution Example 1

F(t) 0 (1) = ert
o = flt e
h=f®g
C9o < C1
to = 2t1 = 2¢3

Sy A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) =cit
g(t) co(t —c3) fort > c3
| t —
' iy 9(t) {O otherwise
. e h=1g
L] ca > ¢
0 't 2t 3 4 L b = ¢

A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) =cit
g(t) co(t —c3) fort > c3
| t —
' iy 9(t) {O otherwise
. e h=1g
f i ; i Co > C1
0 't 2t 3 4 L b = ¢

A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) =t
g(t) co(t —c3) fort > c3
. t) —
' O 9(t) {O otherwise
. e h=fog
AR c2 > c1
O t 2t 3t 4 t b=

h(0) = min(f(0) + g(0)) =0
h(t1) = min(f(t1) + 9(0), £(0) +g(t1)) = min(e1t1,0) = 0

A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) = cit
a(t) co(t —c3) fort > c3
. t) =
' i, 9(t) {O otherwise
. e h=feg
b c2 > ¢
0O 't 2t 3t 4t t b= e

h(0) = min(f(0) + g(0)) =0
h(t1) = min(f(t1) + 9(0), £(0) + g(t1)) = min(e1t1,0) = 0

A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) =t
a(t) co(t —c3) fort > c3
| 1) =
' 1O 9(t) {O otherwise
. e h=Jeg
a 5 c2 > c1
0t 2 3 4 t b= c;

t
h(0) = min(f(0) 4 g(0)) = 0
h(t1) = min(f(t1) + g(0), f(0) + g(t1)) = min(c1t1,0) =0
h(Qtl) = m1n(f(2t1) —+ g(()), f(tl) + g(tl), f(()) -+ g(2t1)) = min(2t101, tlcl, Cztl) = thl

Seges? A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) =t
a(t) co(t —c3) fort > c3
| 1) =
' 1O 9(t) {O otherwise
. e h=Jeg
0t 2 3 4 t b= c;

t
h(0) = min(f(0) + ¢(0)) =0
h(t1) = min(f(t1) + g(0), f(0) + g(t1)) = min(c1t1,0) =0
h(2t1) — min(f(2t1) —+ g(()), f(tl) + g(tl), f(O) -+ g(2t1)) = min(2t101, ticq, Cztl) = 11Cq

Seges? A. Jantsch, KTH
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Convolution Example 2

F(1) f(t) =cit
e URE b s
; i h=1feg
4 : co > €1
0 t, 2, 3, 4 : b=
h(0) = min(f(0) + g(0 )) =0
h(t1) = min(f(¢1) + g(0), F(0) + g(t1)) = min(c1t1,0) = 0
h(2t1) — m1n(f(2t ) ( ) f(tl) + g(tl), f(()) —+ g(2t1)) = min(2t101, tlcl, Cztl) = thl
h(4t1) = min(f(4t1) + g(0), f(3t1) + g(t1), f(2t1) + g(2t1), f(t1) + g(3t1), f£(0) + g(4t1))
in

4Clt1, 3751(31, 4Clt1, Cltl + 202?51, 302t1) — 3t161

eyt A. Jantsch, KTH
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Convolution Example 2

F(t) f(t) =cit
S R Vi
= h=1%g
e i i Co > C1
0 't 2t 3 4 . b= e
h(0) = min(f(0) + g(0)) =0
h(t1) = min(f(t1) + ¢(0), £(0) + g(¢1)) = min(c1t1,0) = 0
h(2t1) — m1n(f(2t ) ( ) f(tl) + g(tl), f(O) -+ g(2t1)) = min(2t101, ticq, Cztl) = 11Cq
h(4t1) = min(f(4t1) + g(0), f(3t1) + g(t1), f(2t1) + g(2t1), f(t1) + g(3t1), £(0) + g(4t1))
i (

4Clt1, 3t1€1, 4Clt1, Cltl + 202?51, 302t1) — 3t161

Sep A. Jantsch, KTH
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Network Calculus - Service Curves
"""F*(At)‘;zzzszf*

bits

F(t) C Ft) | T (|:® B)(t)

Given a system S with an input flow F' and an output flow
EF*. S offers the flow a service curve ( 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

A. Jantsch, KTH
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Network Calculus - Backlog Bound
) E (1)
bits

packlog] .

F(t) F*(t)
o C)B

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

F(t) — F(t) < iglg(a(S) — B(s))

A. Jantsch, KTH
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Network Calculus - Delay Bound (1)

bits
dela B
@)

F(t) F*(t)
o C) B

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

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

It satisfies

d(t) < h(a,B) =sup(inf(7 > 0: a(t) < B(t+71)))

t>0

A. Jantsch, KTH
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Network Calculus - Output Arrival Curye

) F*(t)
bits :

F(t) Pt |
a <:>B aoB |7

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 o™

o =aQp.

(@ B)(t) = sup(a(t + s) — B(s))

s>0

A. Jantsch, KTH
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Network Calculus - Useful Functions

bits

bits

bits
p

Peak rate function:

T t

Rate latency function:

Affine function:

Ar(t) = Rt Brr(t) = R[t — T+
(1) = 0 fort =0
o) = o+ pt fort>0
bits bits A bits
5 —o
4 —
3 - " p
2 —_—
1——mo 1
T t Tt 2LI'—t 3+—t 4+—t 5LF—t éT—t % t

Burst-delay function:

0
or(t) = {OO

fort <T
fort > T

Staircase function:
vr,.(t) = [(t+7)/T]

Step function:

(1) 0 fort<T
u p—
‘ 1 fort>T

A. Jantsch, KTH
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Network Calculus - Latency Rate Server

F =
A o

B =PBrT
Q= 70,/)@)
o
D=—4+T

R +

o (t)y=c+p(t+T)=0+ pT + pt

A. Jantsch, KTH
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Network Calculus - Concatenation of Nodes

S/ L ® B2

a B 32

A. Jantsch, KTH
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Network Calculus - Concatenation of Nodes

S/ L ® B2

a B 32

B1 = Br,,m
ﬁQ — 6R2,T2

Br,, 7y ® BRy, Ts = Bmin(Ry,Ry),Ti+Ts

Example:

A. Jantsch, KTH
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Network Calculus - Concatenation of Nodes

S/ L ® B2

a B 32

B1 = Br,,m
ﬁQ — 6R2,T2

Br,, 7y ® BRy, Ts = Bmin(Ry,Ry),Ti+Ts

Example:

- f®g=9g®f
Useful properties:
(f®g)@h=[f®(GOh)

(f+c)®qg=(f® q)+ c for any constant c € R

A. Jantsch, KTH
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Network Calculus - Pay Bursts Only Once

bits /
/
F* - R2=min(R1, R2)

T1+T2 ¢

A. Jantsch, KTH
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Network Calculus - Pay Bursts Only Once

bits /
/
F* - R2=min(R1, R2)

T1+T2 t

& = Yp,o
B1 = Br, 7y, = Rimax(0,t —T7)
B2 = Br, 1, = Romax(0,t — 1)

A. Jantsch, KTH
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Network Calculus - Pay Bursts Only Once

bits /
/
F* - R2=min(R1, R2)

T1+T2 ¢

Q= Yp,o
61 = Br, 7, = Ry max(0,t — Ty)
B2 = Br, 1, = Romax(0,t — 1)
Bry, 1, @ BRy Ty = Bmin(Ry,Ry) Ty+T, = Min(Rq, Ry) max(0,t — (11 + T»))

A. Jantsch, KTH
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Network Calculus - Pay Bursts Only Once

bits /
/
F* - R2=min(R1, R2)

T1+T2 t

Q= Yp,o
61 = Br, 7, = Ry max(0,t — Ty)
B2 = Br, 1, = Romax(0,t — 1)
Bry, 1, @ BRy Ty = Bmin(Ry,Ry) Ty+T, = Min(Rq, Ry) max(0,t — (11 + T»))

o o pli
= — Ty + T
R1+R2+R2+ 1+ 19

A. Jantsch, KTH
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Network Calculus - Pay Bursts Only Once

bits /
/
F* - R2=min(R1, R2)

T1+T2 t

Q= Yp,o
61 = Br, 7, = Ry max(0,t — Ty)
B2 = Br, 1, = Romax(0,t — 1)
Bry, 1, @ BRy Ty = Bmin(Ry,Ry) Ty+T, = Min(Rq, Ry) max(0,t — (11 + T»))

o o pli

D Dy = — T, + T
1+ Do R1+R2+R2+ 1+ 12
0}
Dg = Ty + T
o min(Rl,R2)+ 1+ 2

A. Jantsch, KTH
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Summary

e Organizational structure: network interface, switch, link

e Communication performance: bandwidth, unloaded latency, loaded
latency

e Topologies: wire space and delay domination favors low dimension
topologies;

e Quality of Service and flow regulation

A. Jantsch, KTH
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To Probe Further
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Text books:

[Duato et al., 1998] Duato, J., Yalamanchili, S., and Ni, L. (1998). Interconnection Networks
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Kaufmann.
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