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A computer without
networking, audio,
video, or real-time
services.
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Starting Point

EE CE CS

Electronics Architecture Languages

Optics CAD Al

E&M Systems Theory of Computation
Plasmas

But the juncture of EE and CS is not just hardware.

It is also mathematical modeling and system design.
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Intellectual Grouping of EE, CE, CS

Multimedi:
Robotics, Vision
Discrete-even ter
Simulation
Real-time system

Concurrent software ,
Networks Lincar systems
Cantiol
Languages CS Nonlinearsystems
Complexity
Automata EE

Software engineering

Compilers Circuits

Operating systems Electronics
Algorithms Devices

Graphics Process technology
Userinterfaces E&M

Databases Power systems
Artificial Intelligence Plas mas

Quantum & Optical

Architecture
CAD for V1S
Configurable systems
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Six Intellectual Groupings

* Blue: Computer Science

- Green: Computer Information Systems
* Orange: Electronic Systems

- Red: Electronics

* Purple: Computer hardware
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New Introductory Course Needed

EIS
cS (EECS 20)
(CS61A) Structure & Interpretation of

Signals & Systems
The Structure and Interpretation
of Computer Programs

EE

(EE 40)
\ Introduction to
Electronic Circuits
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The Roots of Signals and Systems
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Major models

* Frequency domain

* Linear ftime-invariant systems
* Feedback
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Changes in Content

- Signal
* used to be: voltage over time
* now may be: discrete messages

- State

- used to be: the variables of a differential equation

* now may be: a process continuation in a fransition system
- System

- used to be: linear time invariant transfer function

* now may be: Turing-complete computation engine
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Changes in Intellectual Scaffolding

* Fundamental limits
- used to be: thermal noise, the speed of light
* now may be: chaos, computability, complexity

- Mathematics
- used to be: calculus, differential equations

* now may be: mathematical logic, topology,
set theory, partial orders

» Building blocks

used to be: capacitors, resistors,
transistors, gates, op amps

* now may be: microcontrollers, DSP cores,
algorithms, soffware components
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Berkeley has
instituted a new
sophomore course
that addresses
mathematical
modeling of signals
and systems from
a very broad, high-
level perspective.

The web page at the
right contains an applet
that illustrates complex
exponentials used in the

Fourier series.
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Week 10

Assignments

ES coefficients

Negative freq.
Transfer function

Filtering
Filtering sounds
Eiltering images

Cascade
Freq response

Commutativity
Feedback

Freq response
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Themes of the Course

* The connection between /mperative (Matlab) and
declarative (Mathematical) descriptions of
signals and systems.

+ The use of sets and functions as a universal
language for declarative descriptions of signals

and systems.

- State machines and frequency domain analysis as
complementary tools for designing and analyzing
signals and systems.

* Early and often discussion of applications.
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Role in the EECS Curriculum

physics 7a math la
mechanics & waves calculus
v v
physics 7b math 1b
heat, elec, magn. calculus
L 2 v
eecs 40 eecs 20
circuits structure and

interpretation of
signals and systems

math 53 math 54
Note That Berkeley multivariable linear algebra
has no “computer calculus & diff. egs.

engineering” program.

Required
courses for all
EECS majors.

cs 6la

structure and
interpretation of
computer programs

v

cs 61b

data structures

v

cs 61b

machine structures

math 55
or CS 70

discrete math
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Current Role in EE

eecs 20 eecs 122
structure and ...
interpretation of communication
signals and systems networks
eecs 126 eecs 120
probability and signals and systems
random pr‘ocesses/ 1
eecs 121 eecs 123 eecs 125
digital digital signal robotics
communication processing
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Future Role in EECS (speculative)

communication

signal processing

eecs 20 eecs 122
< structure and > communication
eecs XxXx interpretation of networks
real-time systems signals and systems
eecs 126 eecs 120 eecs xXxx
probability and signals and systems discrete-event
random processes systems
\ 4
eecs 121 eecs 123 eecs 125
digital digital media & robotics
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1. Signals <G
2. Systems

3. State

4. Determinism
5. Composition

6. Linearity

7. Freq Domain
8. Freq Response
9.LTI Systems
10. Filtering

11. Convolution
12. Transforms
13. Sampling

14. Design

15. Examples

Outline

H7 Signals and Systems - Netscape

o Help

Sound Segment il

Assignments

Organizational ik
Motivation

PLAY | STOP oo
01

02

Sound
Signals
More sounds
Images
Physical

Sequences

sound in a very different way

TWhat does this plot really mean? What is its cotrespendence with the sound that we hear? We can show the

B |

005
0.00
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Sound Spectrum
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HELP HOME
3. State o »

4. Determinism Assignments bitsequence | [~ wielie_
demodulator

5. Composition Dot
X . AT T bit sequence | voice-like
6. Linearity - o]

e

. DTMF signaling
modem

7. Freq Domain I — oty -

Modems

Composition
8. Freq Response sl s e e _—
9.LTI Systems |, el

Audio
Events

10 . F | I Ter‘ I ng Lil.“,,.,",‘,’s'“ Oit sequence demodulator seigilie__|
! Hetworks signal
11. Convolution <[] ]

modem
12. Transforms
One option would be to use something similar to DTMF signaling In the early days of veiceband data

1 3 S am I | n modems, this is exactly what was done. Two tones were used, one to represent a'0' and the other to represent
. g a1 An audio signal sent through the telephone network consisted. of a rapid sequence of these tones. Bi rates

achievable by this technique, however, never exceeded 300 bits per second

14‘ DeSign UC BERKELEY - EECS - co farsiya susr, -
15. Examples :
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Notation

 Sets and functions
- Sound: Reals — Reals
- DigitalSound : Ints - Reals
- Sampler: [Reals - Reals] - [Ints - Reals]

* Our notation unifies
- discrete and continuous time
- event sequences
- images and video, digital and analog
- spatiotemporal models
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Problems with Standard Notation

* The form of the argument defines the domain
- x(n) is discrete-time, x(t) is continuous-time.
- x(n) = x(nT)? Yes, but...

- X(jw) = X(s) when jw ='s
- X(ew) = X(z) when z = eiv
- X(e%) = X(jw) when e* = jw? No.

» x(n) is a function

- y(n) = x(n) * h(n)
- y(n-N) = x(n-N)*h(n-N)? No.

Lee & Varaiya

Using the New Notation

- Discrete-time Convolution :

Convolution:[ Ints — Reals]|X[Ints — Reals]

- [Ints » Reals]

+ Shorthand:
X *y = ConVOIMinI’l(X,J’)

 Definition:

(&*9)0) = Y akyy(n =k
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Week 3 Example - Answering Machine =
Assignments Verbal description

Definition styles

oL et * Onthe third ring, answer the phone, play a greeting, and record a message

o After recording a message, hang up.
Control logic * Ifatelephone is taken off hook within three rings, do nothing
State
Sets & Functions State transition diagram:
Operation
Stuttering s
Parking meter

Diagram {ring }

Anwering machine

Table Size) L
Code recognizer ' {ring } /answer

Equal

aoQo °
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Simulation and Bisimulation =~

Consider deterministic state machine A

Nondeterminism {130

Example

Model

Possible updates dand3
Relations

Abstraction ay
Equivalence

S n and nendeterministic state machine B:
Deterministic

Abstraction
Nondeterministic
Behaviors
Theorem

Mot theorem
Uses

{131 {130 {13

nuu Consider a game, where each machine starts in itc initial state. Then, given an mnput, 4 reacts, and B tries to
react in such a way as to produce the same output (given the same mput). For the above examples, & can
always do this, so 5 is said to simulate 4. Equivalently, we say that 5 simulates 4.

The game can be tumed around, where 5 makes a move and A tries to match it. In the above examples, this is
again possible, so A simulates 5. A and B are said to be bisimilar.

TWe can track this game by loo] at the state responses of the two machines. They each start in their initial =
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Week 5 Feedback Composition =
Assignments Consider two state machines connected with a feedback loop:

-hy-side
Cascade
Example

-

"

Neoge

KR

Product-form
Answering machine
Series-Parallel
Playhack
Composition

Steps

Assumption:

Feedback
Example 1
Example 2
Example 3
Example 4
Delay.

[«]4]>]

* Outpuss ; < biputsy
* Outpuisg, < Inputs 4,

Defiuiion of the composiion

o States = States , x Statesy
o inputs = Inputs 4
© Outpuss = Outputsg,

updates function is found by iteration to a fired point

14. Design

Start with enknaws on the feedback arc
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2. Systems

3. State
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5. Composition
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10. Filtering
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14. Design

L

structure & interpretation of Signals & Systems

Infinite State Systems

-
HELP HOME
Week 6

Assignments We study state machine with
Infinite state
Factoring
Update
Difference eqns
Time

Differential eqns

States = Reals
Bapuis = Reals M

Cutputs = Reals K
Linearity
LCCDE

State response
Qutput response
Convolution

The number of states and the sizes of the mput and output alphabets are infinite, which tends to make things
more complicated. However, these sets now have asithmetic properties, which opens up a Huge new range of
modeling and analysis possibiliies

A block diagram of such a system shows the input coming over M input ports and the output delivered over &
output ports. (MIMO stands for multi-input, multi-output.)

Reals g &
- M fates = - r'e
Inputs = Reals s Ouiputs = Reals
Reals | Reals
—Leds ) H
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L. Week 7 previous page has a button that you ean use to play the usical scale
D 466
4‘ eterminism i The peych propetties of the musical scale are fascinating, The
eae e 494 musical scale is based on our perception of frequency, and harmoris
5 . CO mpOS ition ey Jationships between i e @ 1 oty sl s
. . Vector LTI state 523 based on the so-called circle of fifths
Evaluation
6 . LI neari *Y SIS0 554 Frequencies that are harmonically related tend to sound good together. In
7 F D . o the Following applet, you can combine any set of frequencies in the scale
< :::'_tesgnnse
. r‘eq omain ma . Western Musical Scale fil :Z{ihnw comeo
Moving average 622 3 an TE
8. Freq Response | ot Com
Musical scale . 2 cn B
9. L T1 Sys-‘-ems Phase . 1 conap = e L
. . Images Dsharg = ¥ A A
o
10. Filtering 740 , LA Ex Mo
. nn u 184 o= [ Dshap
11. Convolution 4 -
831 sum = [ Fsham
2
12. Transforms Do
m 850 o 1 2 3 4 & & 1 @ [ Afat
H 3 A
13. Sampllng Tirme in seconds 10
. ‘orm is the sound you hear, which is  cormbination of the ather (pure tone) wavefoms, Try -
14. Design . .
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Week 8 Discrete Fourier series examples I~
4. Determinism »
ignments The following applet illustrates how, unlikce the continuous Fourier series, the discrete Fourier series converges

to an exact representation of a periodic Waveform in a finite number of steps

5. Composition iy

Fourier series Time Domain i
. . Exam_plgs_ o
6. Linearity Aoy e e
7. Freq Domain Conficents o
Iélrsgmte signals :? :
8. Freq Response<e—== aF
00 05 10 15 20 25 30 35 4[I-: I—2
9. LTI SYSTemS nnu Time in seconds xm_|'|:4
. . Frequency Domain fill 6
10. Filtering y EE
11. Convolution , B B
12. Transforms ol L0 waaa ] T

00 05 1.0 15 20 25 30 35 40

13. Sampling |
14. Design
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Week 9 Why LTl is desirable for audio signals =
Assignments The following applets selectively mtroduce a component to an audio signal that is generated by a nonlinear
wotieation systetn. The slider on the left controls a constant a in the enpression

Memoryless systems o) +ar'()

Time invariance

Linearity Whe & is greater than zero, this infraduees what audic engineers call second-harmonic distortion, The slider
on the right controls a constant & in the expression

LTI syste

Frou, response ) + ()

e e Audio engingers eallthis effect third-harmonic distortion. Mote that moving the sliders only has an effect the

next time you play the sound
Using exponentials

Complex FS
Sound Spectrum ﬂl

tl_i qllhll ]

00 05 10 15 20 25 30 35 40
w0

il

Sound Spectrum
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Week 10 Filtering Images
Assignments Below is an original image, the same image after lowpass fltering, and the same image affer highpase flteting:

ES coefficients

Negative freq.
Transfer function

Filtering
Filtering sounds
Filtering images

Cascade

Ereq response
Commutativity
Feedback
Freq response

Lowpass filtering in images has the effect of blurring the image, In fact, optical lenses that blur an image can be
modelsd as LTI lowpass fiters. Highpass fltoring has a rather strange effost on an image. Notios that solid
blocks of color are replaced with a middle gray. This is because solid blocks of color correspond to low spatial
Frequencies, whish are removed by highpass flterine. Edzes correspond to high spatial froquencies, 5o the
regions near the edges are relatively enhanced. Patterns, such as that in Helen's suit above, are largely
preserved, since they consist primaciy of high spatial e quencies
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2. Systems

3. State
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Week 11

Assignments

Imperative
Impulses

Sums of impulses
Impulse response

Convolution
FIR

Moving Average
Convolution

Causality

Implementation

-
HELP HOME

=
& structure & interpretation of Signals & Systems

A= 3 2 @8

(=5

where x(r) i the input. A individual term in the swmmation is x(k) (s — &), which is a delayed version of the
impulse response sealed by x(k). Recall further that the impulse response of a moving average fiter is

h(m) =14 when 0% 5 <L
B(m)=0  otherwise

The following applet illustrates the convolution sum by allowing to only include selected terms from the

surmnmation.
Convolution 0] tetude sampies
0 original + al
Included
B0 Response + none
@ FCo C1 T2 Ca
s s Ce [T7 o

Cs F@ T T
Tz s e [as
T 17 Vg as
FolMaCzla
T2 a5 W6 P a7
Mzs T2 a0 [
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. Systems

<

Freq. Response
Continuous time
Moving Average

. Composition

. Linearity

. Freq Domain

. Freq Response
.LTI Systems
10. Filtering D
11. Convolution [<]4]~]
12. Transforms <¢=——
13. Sampling
14, Design

Signal Spaces
Transforms
Symmetry
Inverse
Examples

Linearity
Using Linearity
Constants
Exponentials
Sinusoid

OO NOODhWN

e

HELP HOME
. State N T
. Determinism p—

structure & interpretation of Signals & Systems

Fourier Transforms

DIFT. DiscSignals — ContPeriodic,_, such that i X'= DTFT (3), then ¥ @ < Reals,

H) = - -y HT

To verify that this is periodic with period 2w, just evaluate X+ 2x) to show that it is cqual to ¥(e) for all

CIFT. ConiSignals — ContSignals, such that £ ¥'= CTFT (x), then ¥ o € Reals,

T =gy 0"

,: d

Each of these transforms a tir ¥

in signal into a freq
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HELP HOME
Week 13 Aliasing =
Assignments In the following applet, you can change the frequency of a "continuous-time" sinusoid fom 0 ta 8,000 Hz The

sinusoid is sampled at 8 Kz and played through the sormputer andio syster. Motice that as the requency
increases above 4 kHz, the Nyquist frequency, the sound you hear starts to decrease in frequency rather than
increase. Frequencies above 4 kHz are ind ble from correspond below 4 kHz See
the text for a mathematical presentation of this phenomenon

Fourier Transforms
Convolution
Signal products

i | | |
Periodicity start stop | scale | 7688
Aliasing
Images A sinusoid and its samples il
Moire patterns 00 T
Avoiding aliasing I | J
Reconstruction 08
A Model
Sampling theorem o
Quantization
Ml |
> | I
<] o HTHITHT
0o 06 10 16 20 15 320 35 4.0
Time in secands ao?

TFyou sweep the frequency of a contimous-time sinusoid from 0 to 8 kHz, and this sinusoid is sampled at 8
WHz and transmitted through the telephene netwerk, the sound you will hear at the other end has a perceived
pitch that rises until you get to 4 kHz, but then it begins to fall, as shown in the following plot:
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Week 14 unitless (it is the ratio of two magnitudes with the same units), we can express it in decibels as |
Assignments Gap =20 logy o
W T et ol deibell, waiion (1B, The omme Foamess mmpens o chem b grenbabnyi desbdl
odem

Answer tone

Identification T T T T T T T T T T T T T T T T
Freq response or
Filtering

Better filtering.

Cost

IR design
Response
Analytically
Using Matlah -30
Eilter quality
Filter design B
State machine

(<] 4]

&0

frequency -

UC BERKELEY - EECS -
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L. Week 15 Parametric Speech Synthesis =
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Analysis of Spring 2000 Offering

* Class standing had little effect on performance.

+ On average, the GPA of students was neither
lowered nor raised by this class.

« Students who attend lecture do better than
those that don't.

+ Taking at least one of Math 53, 54, or 55 helps
by about 3 grade level.

* Taking Math 54 (linear algebra & differential
egs.) helps by about 1 grade level (e.g. B to B+).

+ Computing classes have little effect on
performance.

Lee & Varaiya




Distribution by Class Standing

Class Distribution

Number

freshmen sophmores juniors seniors

Lee & Varaiya
Effect of Class Standing
y=1 ;83?0’;;;-719 score vs. standing 80 and above:
100 A's
63 and above: B's
9 62 and below: C's
80
70 176 of the 227
60 students
2 responded (the
3 better ones).
40
30
20
10
0
0 1 2 3 4 5
standing
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Effect of Showing Up

Students who answered the survey were those that
showed up for the second to last lab.

*+ The mean for those who responded was 78, vs. 65 for
those who did not respond (two grades, e.g. B to A-).

* The standard deviation is much higher for those who
did not respond.

+ A t-test on the means shows the data are
statistically very significant.

We conclude that the respondents to the survey
do not represent a random sample from the class,
but rather represent the diligent subset.

Lee & Varaiya

Attendance in Class vs. Score

100

Score
3
o

y=6.7939x + 46.665

R%= 04006 Attendance

Attendance is measured by presence for pop quizzes,

of which there were five.
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Effect on GPA

Score vs. GPA y =16.284x + 23.244
' R’ =0.4545
100
On average,
% students’
GPA was not
50 - affected by
Brange in EECS 20 Th's CIGSS
70
L 4
60
P *
50 *
*
- * B range before Sp 2000
40 , : , ~
1.5 2 25 3 3.5 4
GPA (before spring 2000)
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Student Opinion on Prerequisites

Number of students suggesting prerequisite

160

140 A

120
100

80
60

number

40 -

20 | | —
0

math 1b math 53 math 54 math 55

series linear algebra
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Differences from Tradition

- No circuits

« More discrete-time, some continuous-time

* Broader than LTI systems

» Unifying sets-and-functions framework
» Emphasis on applications

* Many applets and demos

* Tightly integrated software lab

Text draft (Lee & Varaiya) and website available.

Lee & Varaiya

Bottom-Up or Top-Down?

Bottom-up: Top-down:
- foundations first - applications first

- derive the applications - derive the foundations

Lee & Varaiya




Structure and Interpretation of
Signhals and Systems

Edward A, Lee and Pravin Varalya

UC Berkeley

Textbook

Draft available on
the web.
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