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Embedded Systems

• Embedded in a physical 
environment

• Reacting at the speed of the 
environment

• Heterogeneous composition of 
subsystems

• Networked 
• Spatially distributed
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Examples of Embedded 
Systems

Building Automation 
(Source: Clas Jacobson, 
UTRC)
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Design Complexity Trends

the advances in packaging technology yielding the concept
of system-in-package (SiP). Pure digital chips are also
featuring an increasing number of components. Design
time, cost, and manufacturing unpredictability for deep
submicron technology make the use of custom hardware
implementations appealing only for products that are
addressing a very large market and for experienced and
financially rich companies. Even for these companies, the
present design methodologies are not yielding the
necessary productivity forcing them to increase beyond
reason the size of design and verification teams. These IC
companies (for example Intel, Freescale, ST, and TI) are
looking increasingly to system design methods to allow
them to assemble large chips out of predesigned
components and to reduce validation costs (design reuse).
In this context, the adoption of design models above RTL
and of communication mechanism among components
with guaranteed properties and standard interfaces is only
a matter of time.

2) Embedded Software Complexity: Given the cost and
risks associated to developing hardware solutions, an
increasing number of companies is selecting hardware
platforms that can be customized by reconfiguration and/
or by software programmability. In particular, software is
taking the lion’s share of the implementation budgets and
cost. In cell phones, more than 1 million lines of code is
standard today, while in automobiles the estimated
number of lines by 2010 is in the order of hundreds of

millions [199]. The number of lines of source code of
embedded software required for defense avionics systems
is also growing exponentially as reported in Fig. 1 [made
available by Robert Gold Associate Director, Software and
Embedded Systems, Office of the Deputy Under Secretary
of Defense (Science and Technology)]. However, as this
happens, the complexity explosion of the software
component causes serious concerns for the final quality
of the products and the productivity of the engineering
teams. In transportation, the productivity of embedded
software writers using the traditional methods of software
development ranges in the few tens of lines per day. The
reasons for such a low productivity are in the time needed
for verification of the system and long redesign cycles that
come from the need for developing full system prototypes
for the lack of appropriate virtual engineering methods and
tools for embedded software. Embedded software is
substantially different from traditional software for com-
mercial and corporate applications. By virtue of being
embedded in a surrounding system, the software must be
able to continuously react to stimuli in the desired way,
i.e., within bounds on timing, power consumed, and
cost. Verifying the correctness of the system requires
that the model of the software be transformed to include
information that involves physical quantities to retain
only what is relevant to the task at hand. In traditional
software systems, the abstraction process leaves out all
the physical aspects of the systems as only the functional
aspects of the code matter.

Fig. 1. Software growth in avionics.

Sangiovanni-Vincentelli : Quo Vadis, SLD? Reasoning About the Trends and Challenges of System Level Design
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Reuse

           
ARM Cortex-A8

TI OMAP 3

Freescale MPC5510

8 Freescale Semiconductor, Inc.Freescale’s Power Architecture™ e200 Core

The e200z0, z1 and z3 cores each have a compact four-stage pipeline. The small-footprint z0, in particular, is designed to run the VLE  
instruction set only, which delivers a high level of code density, reducing memory requirements. The z1 and z3 cores feature a memory 
management unit (MMU) and the full 32-bit instruction set. For applications with significant signal processing requirements, the z3 core  
includes SPE and FPU functionality, which minimize the need for an additional DSP. It can also function effectively without any cache, sharply  
reducing silicon area for cost-sensitive applications.

The e200z6 core, the highest-performing licensable Power Architecture core of the e200 family, has a single issue, seven-stage pipeline and all of 
the features of the z3 core, plus a unified 32 Kb, 8-way set-associative cache. The e200z6 core provides SPE, FPU and optional VLE capabilities. 
Its performance levels can also easily drive a number of advanced IP blocks that may be integrated in an SoC solution.

It’s important for core IP to easily interact with other sub-systems and peripherals in an SoC design. To that end, the e200 core leverages a 
standard AMBA bus to interface with other feature blocks. The AMBA protocol is an open standard, on-chip bus specification that details a 
strategy for the interconnection and management of functional blocks that makes up an SoC. The standard AMBA bus enables developers  
to leverage the extensive ARM peripheral IP ecosystem and libraries and bring Power Architecture compatibility and performance to existing  
SoC architectures. Another important note for embedded developers is that the e200 core family implements a standard Nexus debug  
interface (IEEE-ISTO 5001™)—static debug through Nexus1 and real time debug through Nexus2/3. Although the tough requirements of 
automotive powertrain applications were the impetus for the standard, it has become a general purpose debug interface for a variety of 
embedded applications.

Each e200 core is supported by an extensive development ecosystem that includes compilers, debuggers, real-time operating systems,  
reference boards, application code and EDA tools.

e200z6 Core
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Advantages of Re-Using Components

• Increased productivity

• Shortened verification time

• Premise

• Compositionality with respect to correctness, i.e. if each component 
satisfies a property P, then the composition satisfies P

• Approach: constraint the interactions to be such that compositionality holds 
for P



Outline

• Defining the Problem

• Building Automation and On-Chip Communication

• A Formal Framework to Enable Synthesis

• Applications

• Abstraction (Modeling)

• Algorithms

• Results
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The On-Chip Communication Specification
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The On-Chip Communication Platform
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Example of Platform Instances
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Compositional Framework

• As in the case of MoC we need to define

• Agents -> Communication Structures

• Properties -> Quantities 

• Composition

• A synthesis method selects a composition that implements a function and 
minimizes total cost 

A.Pinto et. al. “A communication synthesis infrastructure for heterogeneous networked control systems and its application to 
building automation and control”, In EMSOFT 2007, October 2007.
A.Pinto et. al. “A Methodology and an Open Software Infrastructure for Constraint-Driven Synthesis of On-Chip Communications”
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A General Method for Communication Design

• Define the library L

• Define the rules R

• Define the models M

• Find the upper bound

• Formulate the specific problem: Given the properties to preserve and L, R, M

• Find an efficient algorithm



Communication Synthesis for 
Building Automation Systems



The Building Automation Segment

• The building segment consumes 40% of domestic energy produced in the US

• Estimated 40% reduction in energy consumption through advanced control

• Comfort and safety can also be improved: 95% false alarms

• Solution: Integrated design

• Advance and reliable control software

• Reliable communication



STAR TREE MESH

The Library of Communication Components

• Twisted-pair wires

• Daisy-chain connection

• ARCNET protocol (token ring bus)

• Wireless communication channels

• Tree topology

• ZigBee (802.15.4)



Capturing the Building Geometry

• Capture any surface

• Walls as special cases 
(adding thickness and 
material)

• Cabling constrained on 
special surfaces

• Number of walls 
intersected by a line 
becomes a simple set of 
linear equations

p1

p2

p3
p4

x

y

z

a1 a2

p
σ

p = p1 + t1a1 + t2a2

0≤ t1 ≤ ||p2−p1||
0≤ t2 ≤ ||p4−p1||
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Modeling the ARCNET Protocol

s1

a1 a2

i

BUS
s1

a1 a2

i

Logical link

Physical link

j1j2j3 j4
j5(127)

(128) (129)

(130)

ls

lp

39 39 17 105

IIT FBE ACK PAC ACK

ta + tsta + tp ta + ts ta + ts ta + ts

17

(a) (b)

(c)
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Algorithms

• The idea is to cover each sensor and each actuator with exactly one chain

• Suppose that there is an oracle that gives us the set of all possible valid daisy 
chain busses containing exactly one router

j-th chain

chain j contains router i

node k belongs to chain j

min
n

∑
j=1

f jz j

s.t.
n

∑
j=1

xi jz j = 1,∀i
n

∑
j=1

y jkz j = 1,∀k

z j,xi j,y jk ∈ {0,1}
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Modeling the ZigBee Protocol

BI = aBaseSuperframeOrder · 2BO

SD = aBaseSuperframeDuration · 2SO

ACTIVE INACTIVE

CAP CFP

GTS1 GTS2

aUnitBackoffPeriod

2SO · aBaseSlotDuration

MAC layer

Physical Layer
L = L1 +20log10 r +n f a f +nwaw

Pb = f (SNR)
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Modeling the ZigBee Protocol

INACTIVEACTIVEACTIVE INACTIVE

ACTIVE INACTIVE

ACTIVE INACTIVE

ACTIVE INACTIVE

StartTime > SD

Parent-Child
Reletionship

PAN
Coordinator

Router
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Examples

ZigBee Technology
BO = 7, SO = 3
$27000 over 20 yr
Max end-to-end latency = 2s
Max PER = 1e-5



Results

• L-Buildings: 70 x 30 m^2, 64 nodes, period=0.1s, b=16 bits

• Big-box office: 60 x 56 m^2, 64 nodes, period=0.1s, b=16 bits

Building Bw (Kb/s) Max 
Length (m)

Max 
#devices

Max delay 
(ms)

Max 
Utilization 

(%)

Router ($) Nodes ($) Wires ($) Total ($)

L-Building

Big-Box 
Office

78 1000 32 91 89% 3700 10240 5020 18960

250 400 20 22 20% 5180 10240 4939 20359

78 1000 32 91 89 2220 10240 4317 16777

250 400 20 19 20% 4440 10240 4131 18811

Building Bw (Kb/s) Max 
Length (m)

Max 
#devices

Max delay 
(ms)

Max 
Utilization 

(%)

Router ($) Nodes ($) Wires ($) Total ($)

L-Building

Big-Box 
Office

78 1000 32 91 89% 5920 10240 12680 28844

250 400 20 22 20% 5180 10240 13744 29198

78 1000 32 91 89 3700 10240 12044 25984

250 400 20 19 20% 4440 10240 11855 26535

New

Retrofit
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Wireless Wired Video

5.5m

1.7m

9m

σ1

σ2

σ3

σ4 σ5

32m

72m

3m

Video/Audio 
Input Output

Elaboration

b[MB/s]
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Physical Aspects

PAD1

PAD2 PAD3

PAD4

(0.2, 2.44)
1.44

0.650.2

0.46

124

10

1525

538
207

34 34 297

0.55

0.55

Mutually 

exclusive

constraints

dem

(OCP)

aud

(OCP)
vid

(OCP)

mem

(OCP)

HDTV

(OCP)

CPU

(AMBA)

Nstb
C
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dem
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mem

HDTV

aud

CPU

a

yb(a)

yt(a)
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xrxl

yt

yb

0

0

xr

yt

x

y
Positions

Rd/w Rwlsg

w(β + 1)Cd Cwlsg w(β + 1)Cg

u v||l[x, y](u)− l[x, y](v)|| ≤ lst

l[γ](u, v) = bmax
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Controversial Views

• Networks-On-Chip vs. Bus-based Communication

De Micheli 39

Why on-chip networking ?

• Provide a structured methodology

 for realizing on-chip communication

– Modularity

– Flexibility

• Cope with inherent limitations of busses

– Performance and power of busses do not scale up

• Support reliable operation

– Layered approach to error detection and correction

Network

Interface

Packets

Routes

PE

Giovanni De Micheli [ISCAS2006]



Controversial Views

• Networks-On-Chip vs. Bus-based Communication

13

SummarySummary

Point to point busses are not necessary for multi-core chipPoint to point busses are not necessary for multi-core chip

Rings and meshes were devised for point to point bussesRings and meshes were devised for point to point busses

over long distancesover long distances——overkill for on chip network?overkill for on chip network?

Router power could be prohibitiveRouter power could be prohibitive

Wide bus or busses, may be adequateWide bus or busses, may be adequate

• Simple to implement

• Simpler coherency

• Lower power

• Maybe lower latency

Go slower, wider, and simplerGo slower, wider, and simpler

Shekhar Borkar [OCIN06]
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Our Approach

• Define the communication library, define composition rules, find the best 
communication implementation

NN

S S

E
EW

W

NN

S S

W
W

NN

S S

W
WE

E
E
E

NN

S S

W
W E

E

NN

S S

W
W E

E

L

(Bus node)
(Mesh node)

(Bus segment)

(EW mesh link)

(N
S

 m
e
s
h
 l
in

k
)

(Interfaces)

N1 N2

N3

N4

N5

N6

N7

N9

i, j i, j + 1

i + 1, j

i, j

lmax

dem

aud vid HDTV

memCPU

dem

aud vid HDTV

memCPU

−1,−1

0, 0
0,−1

−1, 0

0, 1

−1, 1

N1
P

N2
P

N ′
P = r1(N6)

N ′
P ‖r2(N6)‖r3(N3)

γM
max

γM
max

[0, γB
max]

Rule 1: Number of bus 
nodes at most number of 
bus segment minus one

Rule 2: Constraint on the 
total bus capacity

Rule 3: Mesh segment only 
between (i,j) and (i,j+1) or (i,j) 
and (i+1,j)



Hardness Results for Network Design

• Consider the bicriteria network design problem

•      is a budget requirement and     a minimization objective 

•     is a membership requirement in a class of subgraphs

• Consider       a fixed node degree, and     cost

• Unless P = NP, there is not polynomial time          -approximation algorithm

• Unless P = NP, there is not polynomial time          -approximation algorithm

• Unless P = NP, there is not polynomial time               -approximation algorithm

• Unless P = NP, there is not polynomial time               -approximation algorithm

•  

•      lower bound on the performance guarantee of Steiner Tree

(A,B,S)

A B

S

A B

(1, ρ)

(ρ, 1)

(2− ε, ρ)

(ρ, τ − ε)

ρ > 1, ε > 0

τ

R. Ravi et. al. “Approximation Algorithms for the Degree-Constrained Minimum-Cost Network-Design Problem”, Algorithmica 2001



Heuristic Algorithm

e ← Order(EC)

Return 

NI

Find links

to remove E

Return 

NI

Can add 

new node?

Add New 

Node

Return 

Empty

For all (s,d) ∈ e
  π ← FindPath((s,d),NoDegree)

  NI ← NI‖RI
QI

π
                      
  
       

NI ← Empty

CI × LI ∈ RI
Y

N

Found Not FoundFor all links e ∈ E
  Remove the set of path P = { π(s, d)|e ∈ π}
  Remove e
  ReRoute all paths π ∈ P   

  If cannot ReRoute,

     Add e to NI

     Add all paths π ∈ P to NI

  Else

     Add the new paths to NI   

       

CI × LI ∈ RI

Y

N

N

Y

(Find initial solution)

(Re-route flows to remove links,

if not possible then backtrack)
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