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Lesson 1 Signals: Audio, Image and Video

Signals are functions that carry information, often in the form of temporal and spatial patterns.
These patterns may be embodied in various'! media; radio and broadcast TV signals are
electromagnetic waves, and images are spatial patterns of light intensities of different colors. In
digital form, images and video are bit strings. Sensors of physical quantities (such as speed,
temperature, or pressure) often convert those quantities into electrical voltages, which are then
often converted into digital numbers for processing by a computer.

Audio Signals

Our ears are sensitive to sound, which is physically just rapid variations in air pressure. Thus
sound can be represented as a function Sound: Time — Pressure, where Pressure is a set consisting
of possible values of air pressure, and Time is a set representing the time interval over which the
signal lasts.

A one-second segment of a voice signal is plotted in Figure 1.1. Such a plot is often called a
waveform. This signal varies over positive and negative values, averaging approximately zero. But
air pressure cannot be negative, and so the vertical axis does not literally represent air pressure. It
is customary to normalize the representation of sound by subtracting the ambient air pressure
(about 100,000 newtons per square meter) from the rangem. Our ears are, after all, not sensitive to
constant ambient air pressure. Thus, we assume Pressure =Reals (the real numbers), in which
negative pressure means a drop in pressure in relation to ambient air pressure. In fact, the possible
values of the function Voice as shown in Figure 1.1 are 16-bit integers, suitable for storage in a
computer. We can call the set of 16-bit integers Integersl6 = {—32768, --- , 32767}. The audio
hardware of the computer is responsible for converting members of the set Integersl6 into air
pressure. The numbers in the computer representation /ntegersl6 are a subset of Reals. The units of
air pressure in this representation are arbitrary; therefore, to convert to units of newtons per square
meter, we need to multiply these numbers by some constant. The value of this constant depends on

the audio hardware of the computer and on its volume setting.
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Figure 1.1 Waveform of a speech fragment



The horizontal axis in Figure 1.1 suggests that time varies continuously from 0 to 1.0.
However, a computer cannot directly handle such a continuum. The sound is represented not as a
continuous waveform but rather as a list of numbers (for voice-quality audio, 8,000 numbers for
every second of speech). A closeup of a section of the speech waveform is shown in Figure 1.2.
That plot shows 100 data points (called samples). For emphasis, that plot shows a dot for each
sample, rather than a continuous curve, and a stem connecting the dot to the horizontal axis. Such a
plot is called a stem plot. Because there are 8,000 samples per second, the 100 points in Figure 1.2
represent 100/8,000 seconds, or 12.5 milliseconds of speech. Such signals are said to be
discrete-time signals because they are defined only at discrete points in time.
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Figure 1.2 Discrete-time representation of a speech fragment

Image Signals

If an image is a grayscale picture on an 11 inch x 8.5 inch sheet of paper, the picture is
represented by a function Image: [0, 11] x [0, 8.5] — [0, Bmax], Where Bpax is the maximum
grayscale value (0 is black and B,y is white). The set [0, 11] x [0, 8.5] defines the space of the
sheet of paper. More generally, a grayscale image is a function Image: VerticalSpace x
HorizontalSpace — Intensity, where Intensity = [black,
white] is the intensity range from black to white measured
in some scale. An example is shown in Figure 1.3.

For a color picture, the reflected light is sometimes
measured in terms of its RGB values (the magnitudes of the
red, green, and blue colors), and so a color picture is
represented by a function Colorlmage: VerticalSpace %

HorizontalSpace — Intensity’. The RGB values assigned by
@ (®) ColorImage at any point (x, y) in its domain is the triple (7,
Figure 1.3 Grayscale image (a) and g b) E Intensity’, given by (7, g, b) = ColorImage(x, y).

its enlarged pixels (b) Different images are represented by functions with

different spatial domains (the size of the image may be

different), different ranges (we may consider a more or less detailed way of representing light

intensity and color than grayscale or RGB values), and different assignments of color values to

points in the domain. Because a computer has finite memory and finite word length, an image is
stored by discretizing both the domain and the range.



A computer could store a color image in one of two ways. One way is to represent it as a
function, ColorComputerlmage: DiscreteVerticalSpace x DiscreteHorizontalSpace — Integers8’,
so that each pixel value is an element of {0, 1, -+ , 255}>. Such a pixel can be represented as three
eight-bit integers. A common method that saves memory is to use a colormap. Define the set
ColorMaplIndexes = {0, -+ , 255}, together with a Display function, Display: ColorMapIndexes
— Intensity3.

Display assigns to each element of ColorMaplndexes the three (1, g, b) color intensities. This
is depicted in the block diagram in Figure 1.4. Use of a colormap reduces the memory required to
store an image by a factor of three because each pixel is now represented by a single eight-bit
number"). But only 256 colors can be represented in any given image. The function Display is
typically represented in the computer as a lookup table.

red 3
Display: ColorMaplIndexes — Intensity green Image display device
> : —> (e.g.,monitor)
ColorMap (specified as a ColorMap table) bitie
index 5

Figure 1.4 In a computer representation of a color image that uses a colormap, pixel values are elements of the set

ColorMaplndexes. The function Display converts these indexes to an RGB (red, green, blue) representation

Video Signals

A video is a sequence of images displayed at a certain rate (frequency). National Television
System Committee (NTSC)M video (the standard for analog video in the United States) displays 30
images (called frames) per second. The eye is unable to distinguish between successive images
displayed at this frequency, and so a television broadcast appears to be continuously varying in
time.

Thus, the domain of a video signal is discrete time, FrameTimes = {0, 1/30, 2/30, -}, and its
range is a set of images, ImageSet. For analog video, each image in /mageSet is a function of the
form VideoFrame: DiscreteVerticalSpace x HorizontalSpace — Intensity’.

An analog video signal is discretized in the vertical direction but not in the horizontal
direction™). The image is composed of a set of horizontal lines called scan lines, in which the
intensity varies along the line. The horizontal lines are stacked vertically to form an image.

A video signal is therefore a function Video: FrameTimes—ImageSet. For any time ¢t €
FrameTimes, the image Video(t) € ImageSet is displayed. The signal Video is illustrated in
Figure 1.5(a).

An altermnative way of specifying a video signal is by the function Video’, whose domain is a
product set as follows — Video": FrameﬁmesxDiscreteVerticalSpacexHorizontalSpace—»Intensily3.
Like Video in Figure 1.5(a), Video' is depicted in Figure 1.5(b). The RGB value assigned to a point
(x, y) at time t is (r, g, b) = Video' (¢, x, y).
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Illustrations of the function Video (a) and the function Video' (b)

New Words & Expressions

temporal ['temparal] adj. B8]

spatial ['speifal] adj. =5 [E]H

pattern ['paeton] n. #3; X

be embodied in ... KB Ay------

convert [kon'vs:it] vt. F#t

variation [ vearr'erfon] n. Z£4L

consisting of ... T A =--++

interval ['mntovol] n. [AJ&K; [A]BR

segment ['segmont] n. Bt; 4

plot [plot] ve. 221l (#hZk . ER)
positive ['ppzativ] adj. 1EH)

negative ['negativ] adj. fiHY)

average [‘&varidz] vt. FHK
approximately [o'proksimatli] adv. K%
customary ['kastomori] adj. >J5AY; BRI
normalize ['normolaiz] vt. ¥rifEfL; H—1k
subtract [sob'traekt] ve. J&3=

ambient ['embiont] adj. FEH; JEFEIRY
sensitive to ... HUEF -+

constant ['konstont] n. HE; HE adi. AW

in relation to ... AHXFF------

arbitrary ['a:bitrori] adj. EE/

multiply ['maltiplar] ve. FAEHE AN
continuum [kon'tinjusm] n. ELEX [H]
maximum ['maksimom] adj. F A
range from A to B 7 A 1 B Z [8] 284k
reflect [rr'flekt] ve. 5 (A, . #%)
in terms of ... KA.

domain [dou'men] n. XI%; i
assignment [a'samnmont] n. B{E

finite ['famnait] adj. A& FRAY

depict [dr'pikt] vz. %

factor ['fzkta] n. HF; %

a sequence of ... —5------

distinguish [dr'stmgwif] ve. HEHl; 0
successive [sok'sesiv] adj. $EEERY; MHLERY
stack [stek] vi. B

illustrate ["1lostrert] ve. Elfi#

alternative [a:I't3mnotiv] adj. AT HEEACHY
specify ['spesifar] ve. $§8H; i

Technical Terms

function['fapkfon] n. BR%X



electrical [r'lektrikal] adj. HLH); FHHLE; AHEB
voltage ['voultidz] n. HiFE; fRAF%L
waveform ['werv fom] n. {55
integer ['mtidzo] n. A

sample ['sempal] n. FEA
magnitude ['maegnitju:d] n. §&E
discretize [dr'skriitarz] ve. Bk
pixel ['piksal] n. &

frame [frerm] . M93; [Hj7A]
electromagnetic wave HLREJ

light intensity Y38 B

bit string LA

physical quantity HJFE&E

voice signal BEEES

vertical axis ZAHH

horizontal axis f#%H

continuous curve FEZEMIZR
discrete-time signal B HLAT [E]{E 5
grayscale picture JK B F{R

word length F&

block diagram &[]

lookup table #HRFE

scan line FHHL

NTSC abbr. National Television System Committee EFRHEMAGE RS

Notes

1. 3] vary JRA: H 4 NMEZTA: various (AR ), varying (ZE{LHY ) varied (& FHE) )
F variable ( A]ZE R ), BIRAH 6 ~241A]: variation ( ZE4K ), variance ( 25 ). variant
(ZE{A ), variable (ZEH ), variety (F3&) #l variability ( 2254 ),
2. fEZVRY, range ATFRR “—FRF7, “BAEE". “EER FEE, @ “RIEZR”
( a range of topics ). “UA&TEFE" (price range )55 ; YEBhIAAT, range I FR “Z54L”,
an “M A ZE{LE] B” (range from A to B ) 8¢ “7E A #1 B Z[6]ZE4L” ( range between A
and B ),
3. WA A “BEABURR” BERERITREAFREZERN=202Z—, EX
FBMEERERH—A 8 i —#H B E R, HH, reduce AbyB B R “AWLT B”,
i A is represented by B Bl “A F/Rn N B” . #¥E . F 3L, a factor of three N Hf# H “ =
e —"q
4. NTSC #i=X (FiFR N i) & 1952 4F 12 A hiXE “ERBRURKZRLE" (NTSC)



