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Chapter 1

Slope

This article is about the mathematical term. For other
uses, see Slope (disambiguation).

For the grade (incline or gradient or pitch or slope) of any
physical feature, see Grade (slope).

In mathematics, the slope or gradient of a line is a num-

/

Slope: m = % = tan(0)

ber that describes both the direction and the steepness of
the line.'!! Slope is often denoted by the letter m; there is
no clear answer to the question why the letter m is used
for slope, but it might be from the “m for multiple” in the

equation of a straight line “y = mx + b” or “y = mx + ¢”.1?}

e The direction of a line is either increasing, decreas-
ing, horizontal or vertical.

o A line is increasing if it goes up from left to
right. The slope is positive, i.e. m > 0.

o A line is decreasing if it goes down from left
to right. The slope is negative, i.e. m < 0.

o If aline is horizontal the slope is zero. This is
a constant function.

o If a line is vertical the slope is undefined (see
below).

o The steepness, incline, or grade of a line is measured
by the absolute value of the slope. A slope with a
greater absolute value indicates a steeper line

Slope is calculated by finding the ratio of the “vertical
change” to the “horizontal change” between (any) two
distinct points on a line. Sometimes the ratio is expressed
as a quotient (“rise over run”), giving the same number for
every two distinct points on the same line. A line that is
decreasing has a negative “rise”. The line may be practi-
cal - as set by a road surveyor, or in a diagram that models
aroad or a roof either as a description or as a plan.

The rise of a road between two points is the difference
between the altitude of the road at those two points, say
y1 and ys, or in other words, the rise is (y2 — y1) = Ay.
For relatively short distances - where the earth’s curvature
may be neglected, the run is the difference in distance
from a fixed point measured along a level, horizontal line,
or in other words, the run is (xo — x1) = Ax. Here the slope
of the road between the two points is simply described as
the ratio of the altitude change to the horizontal distance
between any two points on the line.

In mathematical language, the slope m of the line is

_ -y

m .
T2 —T1

The concept of slope applies directly to grades or
gradients in geography and civil engineering. Through
trigonometry, the grade m of a road is related to its angle
of incline 6 by the tangent function

m = tan(6)

Thus, a 45° rising line has a slope of +1 and a 45° falling
line has a slope of —1.

As a generalization of this practical description, the
mathematics of differential calculus defines the slope of
a curve at a point as the slope of the tangent line at that
point. When the curve given by a series of points in a di-
agram or in a list of the coordinates of points, the slope
may be calculated not at a point but between any two
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given points. When the curve is given as a continuous
function, perhaps as an algebraic formula, then the dif-
ferential calculus provides rules giving a formula for the
slope of the curve at any point in the middle of the curve.

This generalization of the concept of slope allows very
complex constructions to be planned and built that go
well beyond static structures that are either horizontals
or verticals, but can change in time, move in curves, and
change depending on the rate of change of other factors.
Thereby, the simple idea of slope becomes one of the
main basis of the modern world in terms of both tech-
nology and the built environment.

1.1 Definition

y=@2x-1

s rise three.

et

First run two, then ...

First rise three, then, ...

Slope illustrated for'y = (3/2)x — 1. Click on to enlarge
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Slope of a line in coordinates system, from f(x)=—12x+2 to
f(x)=12x+2

The slope of a line in the plane containing the x and y
axes is generally represented by the letter m, and is de-
fined as the change in the y coordinate divided by the
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corresponding change in the x coordinate, between two
distinct points on the line. This is described by the fol-
lowing equation:

Ay verticalchange  rise

~ Az horizontal change  run’

(The Greek letter delta, A, is commonly used in mathe-
matics to mean “difference” or “change”.)

Given two points (x1,y1) and (x2,y2), the change in x from
one to the other is xo — x1 (run), while the change in y is
yo — y1 (rise). Substituting both quantities into the above
equation generates the formula:

Y2 — Y1
m=—"
T2 — T1

The formula fails for a vertical line, parallel to the y axis
(see Division by zero), where the slope can be taken as
infinite, so the slope of a vertical line is considered unde-
fined.

1.1.1 Examples

Suppose a line runs through two points: P = (1, 2) and Q
= (13, 8). By dividing the difference in y-coordinates by
the difference in x-coordinates, one can obtain the slope
of the line:

Ay _ ya—y1 _ 8-2 _ 6 _ 1

m= Az To—x 2

3-1 12— 2°
Since the slope is positive, the direction of the
line is increasing. Since Iml<1, the incline is
not very steep (incline <30°).

As another example, consider a line which runs through
the points (4, 15) and (3, 21). Then, the slope of the line
is

_21-15 _ 6 _ _
m=5=p =7 =06

Since the slope is negative, the direction of the
line is decreasing. Since Iml>1, this decline is
fairly steep (decline >45°).

1.2 Algebra and geometry

o If yis alinear function of x, then the coefficient of x
is the slope of the line created by plotting the func-
tion. Therefore, if the equation of the line is given
in the form

y=mx+k
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then m is the slope. This form of a line’s equa-
tion is called the slope-intercept form, because
k can be interpreted as the y-intercept of the
line, that is, the y-coordinate where the line in-
tersects the y-axis.

o If the slope m of a line and a point (x1,y;) on the line
are both known, then the equation of the line can be
found using the point-slope formula:

Yy—y :m(x_xl)-

e The slope of the line defined by the linear equation

ar+by+c=0
is

b

e Two lines are parallel if and only if they are not the
same line (coincident) and either their slopes are
equal or they both are vertical and therefore both
have undefined slopes. Two lines are perpendicular
if the product of their slopes is —1 or one has a slope
of 0 (a horizontal line) and the other has an unde-
fined slope (a vertical line).

e The angle 6 between —90° and 90° that a line makes
with the x-axis is related to the slope m as follows:

m = tan(0)
and

0 = arctan(m) (this is the
inverse function of tangent; see
trigonometry).

1.2.1 Examples

For example, consider a line running through the points
(2,8) and (3,20). This line has a slope, m, of

(20 — 8)

3-2) =12.

One can then write the line’s equation, in point-
slope form:

y—8=12(x —2) =12z — 24

or:
y =12z — 16.

The angle 6 between —90° and 90° that this
line makes with the x axis is

6 = arctan(12) ~ 85.2°.

Consider the two lines: y=—3x+ land y= -3 x-2.
Both lines have slope m = —3. They are not the same
line. So they are parallel lines.

Consider the two lines y = —3x + 1 and y =*/3 - 2. The
slope of the first line is m; = —3. The slope of the second
line is my = /5. The product of these two slopes is —1.
So these two lines are perpendicular.

1.3 Statistics

In statistical mathematics, the gradient of the line of best
fit for a given distribution of data which is linear, numer-
ical, and free of outliers, is usually written as b = T;—y
, where b is defined as the gradient (in statistics), r is
Pearson’s correlation coefficient, s, is the standard de-
viation of the y-values and s, is the standard deviation of

the x-values.[!

In this equation y = a + bz for the least-squares regres-
sion line, b is the slope and « is the intercept.

1.4 Slope of a road or railway
Main articles: Grade (slope), Grade separation

There are two common ways to describe the steepness of
aroad or railroad. One is by the angle between 0° and 90°
(in degrees), and the other is by the slope in a percentage.
See also steep grade railway and rack railway.

The formulae for converting a slope given as a percentage
into an angle in degrees and vice versa are:

angle = arctan (fg’g; ) , (this is
the inverse function of tangent; see
trigonometry)

and

slope = 100% - tan(angle),

where angle is in degrees and the trigonometric functions
operate in degrees. For example, a slope of 100% or
1000%o is an angle of 45°.

A third way is to give one unit of rise in say 10, 20, 50 or
100 horizontal units, e.g. 1:10. 1:20, 1:50 or 1:100 (or “/
in 107, “I in 20” etc.) Note that 1:10 is steeper than 1:20.
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For example, steepness of 20% means 1:5 or an incline
with angle 11,3°.

Roads and railways have both longitudinal slopes and
cross slopes.

Slope warning sign in the

Netherlands

Slope warning sign in Poland

A 1371-meter distance of a
rallroad with a 20%o slope. Czech Republic

: T Steam-age railway gradient
post 1nd1cat1ng a slope in both directions at Meols
railway station, United Kingdom

1.5 Calculus

The concept of a slope is central to differential calculus.
For non-linear functions, the rate of change varies along
the curve. The derivative of the function at a point is the
slope of the line tangent to the curve at the point, and is
thus equal to the rate of change of the function at that
point.

If we let Ax and Ay be the distances (along the x and y
axes, respectively) between two points on a curve, then
the slope given by the above definition,

_ Ay
T Ax
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. flx) == :.ml’\ )—l—l
\ A= (=2,251)
2_
T T U T T T
-2 N 0 1 3

f'(=2) = —=5.99

At each point, the derivative is the slope of a line that is tangent
to the curve at that point. Note: the derivative at the point A
is positive where green and dash-dot, negative where red and
dashed, and zero where black and solid.

is the slope of a secant line to the curve. For a line, the
secant between any two points is the line itself, but this is
not the case for any other type of curve.

For example, the slope of the secant intersecting y = x*

at (0,0) and (3,9) is 3. (The slope of the tangent at x = 3/
is also 3—a consequence of the mean value theorem.)

By moving the two points closer together so that Ay and
Ax decrease, the secant line more closely approximates
a tangent line to the curve, and as such the slope of the
secant approaches that of the tangent. Using differential
calculus, we can determine the limit, or the value that
Ay/Ax approaches as Ay and Ax get closer to zero; it fol-
lows that this limit is the exact slope of the tangent. If
y is dependent on x, then it is sufficient to take the limit
where only Ax approaches zero. Therefore, the slope of
the tangent is the limit of Ay/Ax as Ax approaches zero,
or dy/dx. We call this limit the derivative.

dy _
de

Ay
im —
Az—0 Ax

Its value at a point on the function gives us the slope of
the tangent at that point. For example, let y=x2. A point
on this function is (—2,4). The derivative of this func-
tion is %/gx=2x. So the slope of the line tangent to y at
(—2,4) is 2:(—2) = —4. The equation of this tangent line
is: y—4=(—4)(x-(=2)) or y= —4x - 4.

1.6 Other generalizations

The concept of slope can be generalized to functions of
more than one variable and is more often referred to as
gradient.
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1.9. EXTERNAL LINKS

1.7 See also

e Euclidean distance
e Inclined plane

e Linear function

e Slope definitions

o Theil-Sen estimator, a line with the median slope
among a set of sample points
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Chapter 2

Electrical resistance and conductance

“Resistive” redirects here. For the term used when
referring to touchscreens, see resistive touchscreen.

The electrical resistance of an electrical conductor is
a measure of the difficulty to pass an electric current
through that conductor. The inverse quantity is electrical
conductance, and is the ease with which an electric cur-
rent passes. Electrical resistance shares some conceptual
parallels with the notion of mechanical friction. The SI
unit of electrical resistance is the ohm (), while electri-
cal conductance is measured in siemens (S).

An object of uniform cross section has a resistance pro-
portional to its resistivity and length and inversely pro-
portional to its cross-sectional area. All materials show
some resistance, except for superconductors, which have
a resistance of zero.

The resistance (R) of an object is defined as the ratio of
voltage across it (V) to current through it (/), while the
conductance (G) is the inverse:

Vv I 1
R=7. G=y=7

For a wide variety of materials and conditions, V and [/
are directly proportional to each other, and therefore R
and G are constant (although they can depend on other
factors like temperature or strain). This proportionality is
called Ohm’s law, and materials that satisfy it are called
ohmic materials.

In other cases, such as a diode or battery, V and [ are not
directly proportional. The ratio V/I is sometimes still use-
ful, and is referred to as a “chordal resistance” or “static
resistance”,!!'1?! since it corresponds to the inverse slope
of a chord between the origin and an /-V curve. In other
situations, the derivative % may be most useful; this is

called the “differential resistance”.

2.1 Introduction

In the hydraulic analogy, current flowing through a wire
(or resistor) is like water flowing through a pipe, and the
voltage drop across the wire is like the pressure drop that

Higher
pressure
Lower
pressure
Hair
in pipe
SmallR 5, _Samefow. O Large R
(Large G) o (Small G)

The hydraulic analogy compares electric current flowing through
circuits to water flowing through pipes. When a pipe (left) is filled
with hair (right), it takes a larger pressure to achieve the same
flow of water. Pushing electric current through a large resistance
is like pushing water through a pipe clogged with hair: It requires
a larger push (electromotive force) to drive the same flow (electric
current).

pushes water through the pipe. Conductance is propor-
tional to how much flow occurs for a given pressure, and
resistance is proportional to how much pressure is re-
quired to achieve a given flow. (Conductance and resis-
tance are reciprocals.)

The voltage drop (i.e., difference between voltages on one
side of the resistor and the other), not the voltage itself,
provides the driving force pushing current through a re-
sistor. In hydraulics, it is similar: The pressure difference
between two sides of a pipe, not the pressure itself, de-
termines the flow through it. For example, there may be
a large water pressure above the pipe, which tries to push
water down through the pipe. But there may be an equally
large water pressure below the pipe, which tries to push
water back up through the pipe. If these pressures are
equal, no water flows. (In the image at right, the water
pressure below the pipe is zero.)

The resistance and conductance of a wire, resistor, or
other element is mostly determined by two properties:

e geometry (shape), and

e material
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2.4. RELATION TO RESISTIVITY AND CONDUCTIVITY

Geometry is important because it is more difficult to push
water through a long, narrow pipe than a wide, short pipe.
In the same way, a long, thin copper wire has higher re-
sistance (lower conductance) than a short, thick copper
wire.

Materials are important as well. A pipe filled with hair
restricts the flow of water more than a clean pipe of the
same shape and size. Similarly, electrons can flow freely
and easily through a copper wire, but cannot flow as eas-
ily through a steel wire of the same shape and size, and
they essentially cannot flow at all through an insulator like
rubber, regardless of its shape. The difference between
copper, steel, and rubber is related to their microscopic
structure and electron configuration, and is quantified by
a property called resistivity.

In addition to geometry and material, there are various
other factors that influence resistance and conductance,
such as temperature; see below.

2.2 Conductors and resistors

e

A 6.5 MQ resistor, as identified by its electronic color code (blue—
green—black-yellow-red). An ohmmeter could be used to verify
this value.

Substances in which electricity can flow are called
conductors. A piece of conducting material of a particu-
lar resistance meant for use in a circuit is called a resistor.
Conductors are made of high-conductivity materials such
as metals, in particular copper and aluminium. Resistors,
on the other hand, are made of a wide variety of mate-
rials depending on factors such as the desired resistance,
amount of energy that it needs to dissipate, precision, and
Costs.

2.3 Ohm’s law

Small resistance
1 V
A T

The current-voltage characteristics of four devices: Two
resistors, a diode, and a battery. The horizontal axis is voltage
drop, the vertical axis is current. Ohm’s law is satisfied when the
graph is a straight line through the origin. Therefore, the two
resistors are ohmic, but the diode and battery are not.

Large resistance

!

‘ V|

Battery
1]
I

Main article: Ohm’s law

Ohm’s law is an empirical law relating the voltage V
across an element to the current / through it:

ITxV

(I is directly proportional to V). This law is not always
true: For example, it is false for diodes, batteries, and
other devices whose conductance is not constant. How-
ever, it is true to a very good approximation for wires and
resistors (assuming that other conditions, including tem-
perature, are held constant). Materials or objects where
Ohm’s law is true are called ohmic, whereas objects that
do not obey Ohm’s law are non-ohmic.

2.4 Relation to resistivity and con-
ductivity

A

A piece of resistive material with electrical contacts on both ends.

Main article: Electrical resistivity and conductivity

The resistance of a given object depends primarily on two
factors: What material it is made of, and its shape. For
a given material, the resistance is inversely proportional
to the cross-sectional area; for example, a thick copper
wire has lower resistance than an otherwise-identical thin
copper wire. Also, for a given material, the resistance
is proportional to the length; for example, a long cop-
per wire has higher resistance than an otherwise-identical
short copper wire. The resistance R and conductance G
of a conductor of uniform cross section, therefore, can be
computed as

14
R*p27
A

where / is the length of the conductor, measured in metres
[m], A is the cross-sectional area of the conductor mea-
sured in square metres [m?], o (sigma) is the electrical
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conductivity measured in siemens per meter (S-m™'), and
p (rho) is the electrical resistivity (also called specific elec-
trical resistance) of the material, measured in ohm-metres
(Q:m). The resistivity and conductivity are proportional-
ity constants, and therefore depend only on the material
the wire is made of, not the geometry of the wire. Re-
sistivity and conductivity are reciprocals: p = 1/0 . Re-
sistivity is a measure of the material’s ability to oppose
electric current.

This formula is not exact, as it assumes the current density
is totally uniform in the conductor, which is not always
true in practical situations. However, this formula still
provides a good approximation for long thin conductors
such as wires.

Another situation for which this formula is not exact is
with alternating current (AC), because the skin effect
inhibits current flow near the center of the conductor.
For this reason, the geometrical cross-section is differ-
ent from the effective cross-section in which current ac-
tually flows, so resistance is higher than expected. Sim-
ilarly, if two conductors near each other carry AC cur-
rent, their resistances increase due to the proximity effect.
At commercial power frequency, these effects are signif-
icant for large conductors carrying large currents, such as
busbars in an electrical substation,®! or large power ca-
bles carrying more than a few hundred amperes.

2.4.1 What determines resistivity?

Main article: Electrical resistivity and conductivity

The resistivity of different materials varies by an enor-
mous amount: For example, the conductivity of teflon
is about 103 times lower than the conductivity of cop-
per. Why is there such a difference? Loosely speaking,
a metal has large numbers of “delocalized” electrons that
are not stuck in any one place, but free to move across
large distances, whereas in an insulator (like teflon), each
electron is tightly bound to a single molecule, and a great
force is required to pull it away. Semiconductors lie be-
tween these two extremes. More details can be found in
the article: Electrical resistivity and conductivity. For the
case of electrolyte solutions, see the article: Conductivity
(electrolytic).

Resistivity varies with temperature. In semiconductors,
resistivity also changes when exposed to light. See below.

2.5 Measuring resistance

Main article: ohmmeter

An instrument for measuring resistance is called an
ohmmeter. Simple ohmmeters cannot measure low re-
sistances accurately because the resistance of their mea-

suring leads causes a voltage drop that interferes with the
measurement, so more accurate devices use four-terminal
sensing.

2.6 Typical resistances

See also: Electrical resistivities of the elements (data
page) and Electrical resistivity and conductivity

2.7 Static and differential resis-
tance

The IV curve of
a non-ohmic device (purple). The static resistance at
point A is the inverse slope of line B through the origin.
The differential resistance at A is the inverse slope of
tangent line C.

Negative differential
resistance region
~ -

Current (I)

0

0 Voltage (V)

The IV curve of a
component with negative differential resistance, an un-
usual phenomenon where the IV curve is non-monotonic.
See also: Small-signal model

Many electrical elements, such as diodes and batteries
do not satisfy Ohm’s law. These are called non-ohmic
or non-linear, and their I-V curves are not straight lines
through the origin.

Resistance and conductance can still be defined for non-
ohmic elements. However, unlike ohmic resistance, non-
linear resistance is not constant but varies with the volt-
age or current through the device; i.e., its operating point.
There are two types of resistance:!'1?!

e Static resistance (also called chordal or DC resis-
tance) - This corresponds to the usual definition of
resistance; the voltage divided by the current
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Ryic = %

It is the slope of the line (chord) from the ori-
gin through the point on the curve. Static re-
sistance determines the power dissipation in
an electrical component. Points on the IV
curve located in the 2nd or 4th quadrants, for
which the slope of the chordal line is negative,
have negative static resistance. Passive devices,
which have no source of energy, cannot have
negative static resistance. However active de-
vices such as transistors or op-amps can synthe-
size negative static resistance with feedback,
and it is used in some circuits such as gyrators.

¢ Differential resistance (also called dynamic, incre-
mental or small signal resistance) - Differential resis-
tance is the derivative of the voltage with respect to
the current; the slope of the IV curve at a point

av
Raier = 1

If the IV curve is nonmonotonic (with peaks
and troughs), the curve has a negative slope
in some regions—so in these regions the de-
vice has negative differential resistance. De-
vices with negative differential resistance can
amplify a signal applied to them, and are used
to make amplifiers and oscillators. These in-
clude tunnel diodes, Gunn diodes, IMPATT
diodes, magnetron tubes, and unijunction tran-
sistors.

2.8 AC circuits

2.8.1 Impedance and admittance

Main articles: Electrical impedance and Admittance

When an alternating current flows through a circuit, the
relation between current and voltage across a circuit ele-
ment is characterized not only by the ratio of their mag-
nitudes, but also the difference in their phases. For ex-
ample, in an ideal resistor, the moment when the voltage
reaches its maximum, the current also reaches its maxi-
mum (current and voltage are oscillating in phase). But
for a capacitor or inductor, the maximum current flow
occurs as the voltage passes through zero and vice versa
(current and voltage are oscillating 90° out of phase, see
image at right). Complex numbers are used to keep track
of both the phase and magnitude of current and voltage:

V(t) = Re(Voel*"), I(t) = Re(Ipe’"), Z=—

where:

Capagcitor V - | Phase Relationship

Time
Inductor V - | Phase Relationship

— Voltage |

The voltage (red) and current (blue) versus time (horizontal axis)
for a capacitor (top) and inductor (bottom). Since the amplitude
of the current and voltage sinusoids are the same, the absolute
value of impedance is 1 for both the capacitor and the induc-
tor (in whatever units the graph is using). On the other hand,
the phase difference between current and voltage is —90° for the
capacitor, therefore, the complex phase of the impedance of the
capacitor is —90°. Similarly, the phase difference between cur-
rent and voltage is +90° for the inductor; therefore, the complex
phase of the impedance of the inductor is +90°.

e {1iS time,

e V(¢) and I(¥) are, respectively, voltage and current as
a function of time,

e Vo, Iy, Z, and Y are complex numbers,

e Z is called impedance,

e Y is called admittance,

e Re indicates real part,

e w is the angular frequency of the AC current,

j = +/—11is the imaginary unit.

The impedance and admittance may be expressed as
complex numbers that can be broken into real and imag-
inary parts:

Z=R+jX, Y=G+jB

where R and G are resistance and conductance respec-
tively, X is reactance, and B is susceptance. For ideal
resistors, Z and Y reduce to R and G respectively, but for
AC networks containing capacitors and inductors, X and

Pare &nzero.

Vi
Z = 10/ Y for AC circuits, just as R = 1/G for DC
circuits.
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2.8.2 Frequency dependence of resistance

Another complication of AC circuits is that the resistance
and conductance can be frequency-dependent. One rea-
son, mentioned above is the skin effect (and the related
proximity effect). Another reason is that the resistivity
itself may depend on frequency (see Drude model, deep-
level traps, resonant frequency, Kramers—Kronig rela-
tions, etc.)

2.9 Energy dissipation and Joule
heating

Running current through a material with high resistance creates
heat, in a phenomenon called Joule heating. In this picture, a
cartridge heater, warmed by Joule heating, is glowing red hot.

Main article: Joule heating

Resistors (and other elements with resistance) oppose the
flow of electric current; therefore, electrical energy is re-
quired to push current through the resistance. This elec-
trical energy is dissipated, heating the resistor in the pro-
cess. This is called Joule heating (after James Prescott
Joule), also called ohmic heating or resistive heating.

The dissipation of electrical energy is often undesired,
particularly in the case of transmission losses in power
lines. High voltage transmission helps reduce the losses
by reducing the current for a given power.

On the other hand, Joule heating is sometimes useful,
for example in electric stoves and other electric heaters
(also called resistive heaters). As another example,
incandescent lamps rely on Joule heating: the filament
is heated to such a high temperature that it glows “white
hot” with thermal radiation (also called incandescence).

The formula for Joule heating is:

P=1I°R

where P is the power (energy per unit time) converted
from electrical energy to thermal energy, R is the resis-
tance, and [ is the current through the resistor.

2.10 Dependence of resistance on
other conditions

2.10.1 Temperature dependence

Main article: Electrical resistivity and conductivity §
Temperature dependence

Near room temperature, the resistivity of metals typically
increases as temperature is increased, while the resistiv-
ity of semiconductors typically decreases as temperature
is increased. The resistivity of insulators and electrolytes
may increase or decrease depending on the system. For
the detailed behavior and explanation, see Electrical re-
sistivity and conductivity.

As a consequence, the resistance of wires, resistors,
and other components often change with temperature.
This effect may be undesired, causing an electronic cir-
cuit to malfunction at extreme temperatures. In some
cases, however, the effect is put to good use. When
temperature-dependent resistance of a component is used
purposefully, the component is called a resistance ther-
mometer or thermistor. (A resistance thermometer is
made of metal, usually platinum, while a thermistor is
made of ceramic or polymer.)

Resistance thermometers and thermistors are gener-
ally used in two ways. First, they can be used as
thermometers: By measuring the resistance, the tem-
perature of the environment can be inferred. Second,
they can be used in conjunction with Joule heating (also
called self-heating): If a large current is running through
the resistor, the resistor’s temperature rises and there-
fore its resistance changes. Therefore, these compo-
nents can be used in a circuit-protection role similar to
fuses, or for feedback in circuits, or for many other pur-
poses. In general, self-heating can turn a resistor into a
nonlinear and hysteretic circuit element. For more details
see Thermistor#Self-heating effects.

If the temperature T does not vary too much, a linear
approximation is typically used:

R(T) = Ro[1 4+ (T — Tp)]

where « is called the temperature coefficient of resistance,
Ty is a fixed reference temperature (usually room temper-
ature), and Ry is the resistance at temperature 7y . The
parameter « is an empirical parameter fitted from mea-
surement data. Because the linear approximation is only
an approximation, « is different for different reference
temperatures. For this reason it is usual to specify the
temperature that o was measured at with a suffix, such as
a15 , and the relationship only holds in a range of tem-
peratures around the reference.!”’

The temperature coefficient « is typically +3x10~3 K~!
to +6x1073 K~! for metals near room temperature. It is
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usually negative for semiconductors and insulators, with
highly variable magnitude.'"!

2.10.2 Strain dependence

Main article: Strain gauge

Just as the resistance of a conductor depends upon tem-
perature, the resistance of a conductor depends upon
strain. By placing a conductor under tension (a form of
stress that leads to strain in the form of stretching of the
conductor), the length of the section of conductor under
tension increases and its cross-sectional area decreases.
Both these effects contribute to increasing the resistance
of the strained section of conductor. Under compression
(strain in the opposite direction), the resistance of the
strained section of conductor decreases. See the discus-
sion on strain gauges for details about devices constructed
to take advantage of this effect.

2.10.3 Light illumination dependence

Main articles: Photoresistor and Photoconductivity

Some resistors, particularly those made from
semiconductors, exhibit photoconductivity, meaning
that their resistance changes when light is shining on
them. Therefore, they are called photoresistors (or light
dependent resistors). These are a common type of light
detector.

2.11 Superconductivity
Main article: Superconductivity

Superconductors are materials that have exactly zero re-
sistance and infinite conductance, because they can have
V=0 and [#0. This also means there is no joule heating, or
in other words no dissipation of electrical energy. There-
fore, if superconductive wire is made into a closed loop,
current flows around the loop forever. Superconductors
require cooling to temperatures near 4 K with liquid he-
lium for most metallic superconductors like NbSn alloys,
or cooling to temperatures near 77K with liquid nitrogen
for the expensive, brittle and delicate ceramic high tem-
perature superconductors. Nevertheless, there are many
technological applications of superconductivity, includ-
ing superconducting magnets.

2.12 See also

e Electrical measurements

11

Resistor

Electrical conduction for more information about
the physical mechanisms for conduction in materi-
als.

Voltage divider

Voltage drop

Thermal resistance

Sheet resistance

SI electromagnetism units

Quantum Hall effect, a standard for high-accuracy
resistance measurements.

Conductance quantum and its reciprocal, the Von
Klitzing constant (under Von Klitzing)

Series and parallel circuits
Johnson—Nyquist noise

Letter and digit code for resistance values
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[9] Ward, MR, Electrical Engineering Science, pp36—40,
McGraw-Hill, 1971.

[10] See Electrical resistivity and conductivity for a table. The
temperature coefficient of resistivity is similar but not
identical to the temperature coefficient of resistance. The
small difference is due to thermal expansion changing the
dimensions of the resistor.

2.14 External links

e Clemson Vehicular Electronics Laboratory: Resis-
tance Calculator

e Electron Conductance Models Using Maximal En-
tropy Random Walks Wolfram Demonstrantions
Project
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Current—voltage characteristic

Diode
1

1

Small resistance
1 V

The current—voltage characteristics of four devices: a resistor
with large resistance, a resistor with small resistance, a P-N junc-
tion diode, and a battery with nonzero internal resistance. The
horizontal axis represents the voltage drop, the vertical axis the
current. All four plots use the passive sign convention.

Large resistance

i

‘ V|

Battery
1
1

A current-voltage characteristic or I-V curve
(current—voltage curve) is a relationship, typically
represented as a chart or graph, between the electric
current through a circuit, device, or material, and the
corresponding voltage, or potential difference across it.

3.1 In electronics
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MOSFET drain current vs. drain-to-source voltage for several
values of the overdrive voltage, Vas — Vin ; the boundary be-
tween linear (Ohmic) and saturation (active) modes is indicated
by the upward curving parabola.

In electronics, the relationship between the direct current
(DC) through an electronic device and the DC voltage
across its terminals is called a current—voltage character-
istic of the device. Electronic engineers use these charts
to determine basic parameters of a device and to model
its behavior in an electrical circuit. These characteris-
tics are also known as IV curves, referring to the standard
symbols for current and voltage.
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In electronic components with more than two terminals,
such as vacuum tubes and transistors, the current-voltage
relationship at one pair of terminals may depend on the
current or voltage on a third terminal. This is usu-
ally displayed on a more complex current—voltage graph
with multiple curves, each one representing the current-
voltage relationship at a different value of current or volt-
age on the third terminal.!J

For example the diagram at right shows a family of IV
curves for a MOSFET as a function of drain voltage with
overvoltage (VGS — Vih) as a parameter.

The simplest IV characteristic involves a resistor, which
according to Ohm’s Law exhibits a linear relationship be-
tween the applied voltage and the resulting electric cur-
rent. However, even in this case, environmental factors
such as temperature or material characteristics of the re-
sistor can produce a non-linear curve.

The transconductance and Early voltage of a transistor
are examples of parameters traditionally measured with
the assistance of an I-V chart, or laboratory equipment
that traces the charts in real time on an oscilloscope.

3.1.1 Special I-V curves characteristics

e [V curve may be non-monotonic: for example a
tunnel diode has a negative resistance region.

e [V curve isn't necessarily a mathematical function:
for example a DIAC or a spark gap starts to conduct
electrical current only after its breakover voltage is
exceeded

e IV curve may be directional or may have hysteresis:
for example Memristor and Gunn diode

1V curve similar to a tunnel
diode characteristic curve. It has negative resistance
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in the shaded voltage region, between v, and v

n2
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DIAC IV curve. VBO is the
breakover voltage.

a} Memristor IV curve, show-

ing a pinched hysteresis

Current (I)

S

v vGunn diode IV curve, showing
negative differential resistance with hysteresis
(notice arrows)

3.2 In electrophysiology

An approximation of the potassium and sodium ion components
of a so-called “whole cell” I-V curve of a neuron.

While V-I curves are applicable to any electrical system,
they find wide use in the field of biological electricity,
particularly in the sub-field of electrophysiology. In this
case, the voltage refers to the voltage across a biological
membrane, a membrane potential, and the current is the
flow of charged ions through channels in this membrane.

CHAPTER 3. CURRENT-VOLTAGE CHARACTERISTIC

The current is determined by the conductances of these
channels.

In the case of ionic current across biological membranes,
currents are measured from inside to outside. That is,
positive currents, known as “outward current”, corre-
sponding to positively charged ions crossing a cell mem-
brane from the inside to the outside, or a negatively
charged ion crossing from the outside to the inside. Simi-
larly, currents with a negative value are referred to as “in-
ward current”, corresponding to positively charged ions
crossing a cell membrane from the outside to the inside,
or a negatively charged ion crossing from inside to out-
side.

The figure to the right shows an V-I curve that is more
relevant to the currents in excitable biological membranes
(such as a neuronal axon). The blue line shows the VI re-
lationship for the potassium ion. Note that it is linear, in-
dicating no voltage-dependent gating of the potassium ion
channel. The yellow line shows the V-I relationship for
the sodium ion. Note that it is not linear, indicating that
the sodium ion channel is voltage-dependent. The green
line indicates the I-V relationship derived from summing
the sodium and potassium currents. This approximates
the actual membrane potential and current relationship
of a cell containing both types of channel.

3.3 References

[1] H. J. van der Bijl (1919). “Theory and Operating Char-
acteristics of the Themionic Amplifier”. Proceedings of
the IRE. Institute of Radio Engineers. 7 (2): 97-126.
doi:10.1109/JRPROC.1919.217425.


https://en.wikipedia.org/wiki/DIAC
https://en.wikipedia.org/wiki/Memristor
https://en.wikipedia.org/wiki/Hysteresis
https://en.wikipedia.org/wiki/Gunn_diode
https://en.wikipedia.org/wiki/Electrophysiology
https://en.wikipedia.org/wiki/Membrane_potential
https://en.wikipedia.org/wiki/Ion_channel
https://en.wikipedia.org/wiki/Axon
https://books.google.com/books?id=p14AAAAAMAAJ&pg=PA105&dq=current-voltage-characteristic
https://books.google.com/books?id=p14AAAAAMAAJ&pg=PA105&dq=current-voltage-characteristic
https://en.wikipedia.org/wiki/Digital_object_identifier
https://dx.doi.org/10.1109%252FJRPROC.1919.217425

3.4. TEXT AND IMAGE SOURCES, CONTRIBUTORS, AND LICENSES 15

3.4 Text and image sources, contributors, and licenses

34.1 Text

o Slope Source: https://en.wikipedia.org/wiki/Slope?0ldid=769353206 Contributors: AxelBoldt, General Wesc, The Cunctator, RoseParks,
Mark Ryan, Stevertigo, Patrick, Michael Hardy, Wshun, Darkwind, Pizza Puzzle, Dino, Dysprosia, Saltine, Jerzy, Jusjih, Denelson83,
Rogper~enwiki, Robbot, Boffy b, Schutz, Altenmann, Sam Spade, MathMartin, Bkell, Intangir, Isopropyl, Tea2min, Giftlite, Cattac,
AndreyF, Utcursch, SarekOf Vulcan, Aisphording~enwiki, Icairns, Chris j wood, Discospinster, Dave souza, Paul August, ESkog, Daniel-
jackson, Bobo192, Smalljim, Chrisvls, Sam Korn, Jumbuck, Arthena, Burn, Hu, Snowolf, Redvers, Oleg Alexandrov, Shimeru, Angr,
Linas, Camw, StradivariusTV, Waldir, FreplySpang, Athelwulf, Salix alba, CQJ, King of Hearts, DVdm, Algebraist, Calder, YurikBot,
Wavelength, Loom91, Stephenb, Coderzombie, RL0919, Dbfirs, DeadEyeArrow, Closedmouth, Allens, DVD R W, That Guy, From That
Show!, Wolf1728, SmackBot, Diggers2004, Lsommerer, Alksub, Gilliam, Bluebot, MK8, Garethfoot, Jprg1966, Silly rabbit, Darth Panda,
Ashawley, Rrburke, Lapisphil, SundarBot, Tommkat, Mwtoews, DMacks, Vina-iwbot~enwiki, Lambiam, Azraell, Ckatz, 16@r, Nice-
tomeetyou, Peter Horn, BranStark, PetaRZ, AGK, Chetvorno, Andreas Willow, JForget, Thedemonhog, Michael.j.lacey, SJﬁ, CBM, Black
and White, AndrewHowse, Gogo Dodo, DumbBOT, Epbr123, Andyjsmith, A3RO, MistWiz, RobHar, Escarbot, Stannered, AntiVandal-
Bot, Opelio, Quintote, Myanw, Caper13, JAnDbot, Andonic, Martinkunev, PhilKnight, Acroterion, Bongwarrior, VoABot II, Allstarecho,
David Eppstein, Talon Artaine, GreggEdwards, Hdt83, MartinBot, Drewmutt, J.delanoy, Rod57, Zuejay, Pyrospirit, Richard D. LeCour,
Funandtrvl, ABF, Oshwah, Malinaccier, Ann Stouter, StiveMB, BotKung, Geometry guy, Maxim, Billinghurst, Ian Goggin, Gillyweed,
LFStokols, Falcon8765, Aarian77144, Logan, ISAYsorry, SieBot, Caltas, RJaguar3, Keilana, Toddst1, Oxymoron83, Summerhood, Rdo-
bet, Martarius, ClueBot, LAX, Andrew Nutter, GorillaWarfare, Jayson21, Janlnad, Drmies, Pigshaha2, Zack wadghiri, Sibylle77, Excirial,
-Midorihana-, Milesoneill, ParisianBlade, WalteregoWik, Rror, AndreNatas, Little Mountain 5, Caralaay, Thebestofall007, Complete123,
Hyperweb79, Addbot, Fgnievinski, Blethering Scot, Jncraton, Letter Ezh, Vishnava, CanadianLinuxUser, SpillingBot, MrOllie, Down-
load, Nate Wessel, Chzz, Audirs8, Tide rolls, 2 5%*37., Elricouno, Legobot, Yobot, AnomieBOT, DemocraticLuntz, Peasandcarrots246,
Jim1138, Ipatrol, Materialscientist, ArthurBot, Victor.na, Xgbot, Sionus, Addihockey10, ProtectionTaggingBot, Kyng, Editwikiftw, Wika-
tioner, Peter in s, Finalius, Pinethicket, I dream of horses, Amplify91, Jschnur, MastiBot, Rausch, Young gee 1525, Sumone10154, Vre-
nator, DARTH SIDIOUS 2, Mean as custard, Shafaet, Skamecrazy123, Look2Seel, RA0808, Tommy2010, Brent Perreault, ZéroBot,
PS., John Cline, EWikist, Wayne Slam, Alborzagros, Carmichael, Zeroandnotzero, Hoehnjm, ClueBot NG, Wcherowi, This lousy T-
shirt, KoleTang, Codytheking, Widr, Antiqueight, Gapettofiles, MerlIlwBot, Electriccatfish2, Lowercase sigmabot, BG19bot, Walrus068,
MusikAnimal, CimanyD, Snow Blizzard, Conifer, Ilikemen333, Mavil7, Cimorcus, Mrt3366, Highestyang, GoShow, None but shining
hours, Khazar2, Matthew Truelove, Lfahlberg, Galenajack, 1Minow, Michael Anon, TwoTwoHello, SteenthIWbot, ILikeTooTroll, Harlem
Baker Hughes, Nerdkingofawesomeness25, Sanjay gusain, RuleTheWiki, Ned Godshall, Jackjack1212, JJDUB1234, Mediavalia, Cam-
ray678, GeneralizationsAreBad, KSFT, Maryaa Sillvaa, CLCStudent, Hi101111111, Animalguy14, Brysonshier, Zeranonia, PhilipOBV,
Tambic Pentameter, Lakshya Sharma and Anonymous: 440

o Electrical resistance and conductance Source: https://en.wikipedia.org/wiki/Electrical_resistance_and_conductance?oldid=765797544
Contributors: AxelBoldt, Bryan Derksen, Malcolm Farmer, Rjstott, Youssefsan, XJaM, Matusz, Peterlin~enwiki, Heron, Patrick, Michael
Hardy, Tim Starling, Ixfd64, Delirium, Looxix~enwiki, Ahoerstemeier, Theresa knott, Ojs, Glenn, Nikai, Evercat, Ilyanep, Jrousseau,
Richj, RickK, Saltine, Omegatron, Joy, Donarreiskoffer, Robbot, Bgruber, Tonsofpcs, Texture, DHN, Hadal, Wikibot, Fuelbottle, Lupo,
Alan Liefting, Enochlau, Ancheta Wis, Fabiform, Giftlite, Dbenbenn, Gil Dawson, Nunh-huh, BenFrantzDale, Koyn~enwiki, Wwoods,
Everyking, Perl, Dominik~enwiki, Brockert, Delta G, OldakQuill, Danny Rathjens, Dnas, Icairns, Avihu, SomeFajitaSomewhere, Trevor
Maclnnis, Mike Rosoft, DanielCD, Shipmaster, Discospinster, Rich Farmbrough, ArnoldReinhold, Alistair1978, Quistnix, Bender235,
ESkog, Plugwash, MisterSheik, Harley peters, Jwonder, Yuje, Roy da Vinci, WikiLeon, Sam Korn, Alansohn, Foant, Arthena, M7, Blues-
harp, Velella, Wtshymanski, Simone, Shoefly, DV8 2XL, Gene Nygaard, Yansa, StradivariusTV, Kurzon, Phillipsacp, Robert K S, Ami-
gadave, SCEhardt, BarOn, Wayward, BD2412, Canderson7, JHMM13, FlaBot, RobertG, MicroBio Hawk, Alfred Centauri, Alphachimp,
Physchim62, Chobot, Meawoppl, DVdm, Roboto de Ajvol, The Rambling Man, YurikBot, Sillybilly, Gaius Cornelius, Salsb, Stephen
Burnett, NickBush24, Nrets, Welsh, TDogg310, Voidxor, Mkill, Kkmurray, Tonywalton, Searchme, Light current, Enormousdude, Johnd-
burger, Gaurav.pal, CapitalLetterBeginning, Katieh5584, Mebden, Nathparkling, GrinBot~enwiki, Dkasak, Elliskev, Sbyrnes321, Hylian
loach, SmackBot, Reedy, Lewispb, Pgk, KocjoBot~enwiki, Jrockley, Delldot, Vilerage, Dmitry sychov, Gilliam, Chaojoker, Anwar saadat,
Bluebot, Hibbleton, Lenko, Csoliverez, A. B., Royboycrashfan, Can't sleep, clown will eat me, Ates~enwiki, JustUser, Jennica, MrRa-
dioGuy, Bowlhover, Ams627, Dogears, DJIndica, AlanD, FrozenMan, Loodog, CyrilB, Dicklyon, Mets501, E71, DabMachine, SimonD,
BranStark, Iridescent, Courcelles, Chovain, Glasseyes24, Tawkerbot2, Pi, Dlohcierekim, Chetvorno, Atomobot, Sax Russell, Gran2, Es-
tnyboer, Cydebot, Supremeknowledge, Christian75, Editor at Large, Teamfruit, Satori Son, Epbr123, Barticus88, Andyjsmith, Head-
bomb, NorwegianBlue, Electron9, JustAGal, Escarbot, I already forgot, AntiVandalBot, Seaphoto, Bm gub, Pichote, JAnDbot, Oskard,
CosineKitty, Cerreerr, RR, Hut 8.5, RogierBrussee, Pedro, VoABot II, TheGrimReaper®T™O, Jatkins, Twsx, Destroyer000, Allstarecho,
David Eppstein, Cpl Syx, Vssun, Glen, DerHexer, JaGa, Ashishbhatnagar72, Drjem3, MartinBot, Kostisl, CommonsDelinker, Leyo, Vee-
jayJameson, Yjwong, J.delanoy, Dhruv17singhal, Yonidebot, Mike.lifeguard, Sirtrebuchet, TomyDuby, Filipporso, Gtg204y, Forevaclevah,
Randallash, Girjesh.dubey, Lseixas, SoCalSuperEagle, Idioma-bot, SimDarthMaul, Mjrice, QuackGuru, Philip Trueman, TXiKiBoT, Os-
hwah, Yakeyglee, Lradrama, CanOf Worms, Raymondwinn, Venny85, Deipnosopher, Andy Dingley, SutharsanJIsles, Falcon8765, Damon
jackson, Spinningspark, Paverider, Quantpole, Dpiddy1337, Hazel77, Steven Weston, SieBot, Caltas, Flyer22 Reborn, Zharradan.angelfire,
Sunrise, Adamtester, Anchor Link Bot, Denisarona, Darkgecko, ClueBot, SirEditALot, Frodood, Thubing, Drmies, Mild Bill Hiccup,
NovaDog, LizardJr8, 718 Bot, No such user, Jusdafax, Rwestafer, Jotterbot, PhySusie, Dead avengers, Jarek Duda, Razorflame, Hunt-
thetroll, SchreiberBike, InsanityBringer, AC+79 3888, SoxBot III, Finalnight, Mark Chung, XLinkBot, SilvonenBot, MystBot, Addbot,
Cantaloupe2, Kaleal92, Download, TStein, Guptaankit89, Tide rolls, Legobot, Luckas-bot, Yobot, CinchBug, KamikazeBot, Dingabat111,
Reinraum, AnomieBOT, Archon 2488, Jim1138, Piano non troppo, "J1°P10, L3lackEyed Angels, Materialscientist, Aurumpotestasest, Alo-
plop, Eumolpo, ChococatR, Xgbot, Anna Frodesiak, Jolly Janner, Trurle, RibotBOT, Amaury, Chongkian, Vaxquis, Andromeas, Thehelp-
fulbot, 27, orsedl aog, Lambda(T), A little insignificant, HRoestBot, Yahia.barie, ASUDI, SpaceFlight89, Md iet, Zhida, Merlion444,
Jussg s lS, SchreyP, DixonDBot, Gaffydantane, Artelius, Unbitwise, JenVan, Nascar1996, Elikrieg, DARTH SIDIOUS 2, Mean as
custard, RjwilmsiBot, DexDor, Skamecrazy123, DASHBot, J36miles, EmausBot, Editzu, John of Reading, Orphan Wiki, Beatnik8983,
Joshkurien, Tommy2010, Wikipelli, AsceticRose, Doubledoubletripletrouble, Solomonfromfinland, ZéroBot, Traxs7, H3l1Bot, EWikist,
Looscan, Jsayre64, Coasterlover1994, L Kensington, RockMagnetist, 28bot, George Makepeace, ResearchRave, ClueBot NG, Incom-
petence, Matthiaspaul, CocuBot, Gilderien, Alzo55, Handuka, Lanthanum-138, Frietjes, Widr, Helpful Pixie Bot, Wisibility, Wbm1058,
Jrpresto, AvocatoBot, NaSm, Quiyst, Rob Hurt, Embrittled, JamesHaigh, MadGuy7023, Isomerise, Mheaney, Webclient101, P.asgaripour,
TwoTwoHello, FreeScientificInformation, Mark viking, Wamiq, Babitaarora, Kunal3224, Sam Sailor, SpecialPiggy, StevenD99, CogitoEr-


https://en.wikipedia.org/wiki/Slope?oldid=769353206
https://en.wikipedia.org/wiki/Electrical_resistance_and_conductance?oldid=765797544

16 CHAPTER 3. CURRENT-VOLTAGE CHARACTERISTIC

goSum14, Powder 14, Buggiehuggie, Trackteur, Nimrainayat6290, Peeliss, Pelinnnnnn, JerryO8baddog, Ibukharix, KasparBot, Kurousagi,
Qzd, Dparry91747727, IsmailAbdulkadir, Fmadd, Maxkrish, Pirah pirzada, Matt11235 and Anonymous: 549

o Current-voltage characteristic Source: https://en.wikipedia.org/wiki/Current%E2%80%93voltage_characteristic?oldid=751399426
Contributors: Maury Markowitz, Alan Liefting, Reflex Reaction, Gazpacho, Pearle, Fourthords, OwenX, Nanite, Krishnavedala, Bgwhite,
Gaius Cornelius, Chefyingi, Sbyrnes321, SmackBot, Nmnogueira, Calibas, Dicklyon, Chetvorno, Amalas, Circuit dreamer, Leobh, JAnD-
bot, Mytomi, CommonsDelinker, Ozlsej, Hlvoltage, SieBot, ScAvenger lv, PixelBot, Brews ohare, Addbot, Yobot, Materialscientist,
Citation bot, Herr Satz, Egdelwonk, Citation bot 1, DrilBot, I dream of horses, John of Reading, Solomonfromfinland, Widr, Wbm1058,
BG19bot, Zenanqi, Scarlettail, Souvik Das 210, Bender the Bot and Anonymous: 32

3.4.2 Images

o File:Cartridge-heater-hot.jpg Source: https://upload.wikimedia.org/wikipedia/commons/9/92/Cartridge-heater-hot.jpg License: CC
BY-SA 3.0 Contributors: Own work Original artist: Maxellator

o File:Commons-logo.svg Source: https://upload.wikimedia.org/wikipedia/en/4/4a/Commons-logo.svg License: PD Contributors: ? Origi-
nal artist: ?
o File:DifferentialChordalResistance.svg Source: https://upload.wikimedia.org/wikipedia/commons/5/57/

DifferentialChordalResistance.svg License: CCO Contributors: Own work Original artist: Sbyrnes321

File:Diod_gunn.jpg Source: https://upload.wikimedia.org/wikipedia/commons/4/41/Diod_gunn.jpg License: Public domain Contribu-
tors: Transferred from ru.wikipedia
Original artist: Babasin A.B.. Original uploader was Babayanav at ru.wikipedia

o File:FourIVcurves.svg Source: https://upload.wikimedia.org/wikipedia/commons/d/d7/FourlVcurves.svg License: CCO Contributors:
Own work Original artist: Sbyrnes321

o File:Gradient_of_a_line_in_coordinates_from_-12x+2_to_+12x+2.gif Source: https://upload.wikimedia.org/wikipedia/commons/a/
aa/Gradient_of _a_line_in_coordinates_from_-12x%2B2_to_%2B12x%2B2.gif License: CC BY-SA 3.0 Contributors: Own work Original
artist: Alborzagros

o File:IvsV_mosfet.svg Source: https://upload.wikimedia.org/wikipedia/commons/1/18/IvsV_mosfet.svg License: CC BY-SA 3.0 Contrib-
utors: File:IvsV_mosfet.png Original artist: User:CyrilB

o File:Kennlinie_DIAC.svg Source: https://upload.wikimedia.org/wikipedia/commons/1/14/Kennlinie_DIAC.svg License: CC BY 3.0
Contributors: Own work Original artist: wdwd

o File:Metal_film_resistor.jpg Source: https://upload.wikimedia.org/wikipedia/commons/e/e4/Metal_film_resistor.jpg License: CC-BY-
SA-3.0 Contributors: Photo taken by Haragayato using a FujiFilm FinePix40i, and edited. Original artist: Haragayato, cropd by hidro.

o File:Nederlands_verkeersbord_J6.svg Source: https://upload.wikimedia.org/wikipedia/commons/1/13/Nederlands_verkeersbord_J6.
svg License: Public domain Contributors: Verkeersborden en Verkeersregels in Nederland Original artist: SVG version by Bouwe Brouwer

File:Negative_differential_resistance.svg Source:  https://upload.wikimedia.org/wikipedia/commons/5/54/Negative_differential
resistance.svg License: CC-BY-SA-3.0 Contributors: the original gnuplot code is by Omegatron, adapted for SVG by Alessio Damato
Original artist: Omegatron and Alessio Damato

o File:Nuvola_apps_ksim.png Source: https://upload.wikimedia.org/wikipedia/commons/8/8d/Nuvola_apps_ksim.png License: LGPL
Contributors: http://icon-king.com Original artist: David Vignoni / ICON KING

o File:Pinched_crossing_hysteresis.png Source: https://upload.wikimedia.org/wikipedia/commons/0/Oc/Pinched_crossing_hysteresis.
png License: CC BY-SA 3.0 Contributors: Made using math graphic software Original artist: Blm19732008

o File:Question_book-new.svg Source: https://upload.wikimedia.org/wikipedia/en/9/99/Question_book-new.svg License: Cc-by-sa-3.0
Contributors:
Created from scratch in Adobe Illustrator. Based on Image:Question book.png created by User:Equazcion Original artist:
Tkgd2007
o File:Railway_gradient_post.jpg Source: https://upload.wikimedia.org/wikipedia/en/0/00/Railway_gradient_post.jpg License: CC-BY-
3.0 Contributors:
Own work
Original artist:
Redvers

o File:ResistanceHydraulicAnalogy.svg Source: https://upload.wikimedia.org/wikipedia/commons/d/d0/ResistanceHydraulicAnalogy.
svg License: CCO Contributors: Own work Original artist: Sbyrnes321

File:Resistivity_geometry.png Source: https://upload.wikimedia.org/wikipedia/commons/6/68/Resistivity_geometry.png License: CC
BY-SA 3.0 Contributors: Created by User:Omegatron using the GIMP Original artist: User:Omegatron

o File:Sklonik-klesani. jpg Source: https://upload.wikimedia.org/wikipedia/commons/5/5a/Sklon%C3 % ADk-kles%C3%A 1n%C3%AD.
jpg License: Public domain Contributors: Own work Original artist: cs:User:SJ

File:Slope_of _lines_illustrated.jpg Source: https://upload.wikimedia.org/wikipedia/commons/b/bf/Slope_of_lines_illustrated.jpg Li-
cense: Public domain Contributors: Own work by the original uploader (Original text: I (dino (talk)) created this work entirely by myself,
release to public domain.) Original artist: dino (talk)

o File:Tangent_function_animation.gif Source: https://upload.wikimedia.org/wikipedia/commons/2/2d/Tangent_function_animation.
gif License: CC BY-SA 3.0 Contributors: English Wikipedia Original artist: en:User:Dino, User:Lfahlberg

o File:VI_phase.png Source: https://upload.wikimedia.org/wikipedia/commons/a/a9/VI_phase.png License: Public domain Contributors:

o Transferred from en.wikipedia; Transfer was stated to be made by User:J6na Pérunn. Original artist: Jeffrey Philippson


https://en.wikipedia.org/wiki/Current%25E2%2580%2593voltage_characteristic?oldid=751399426
https://upload.wikimedia.org/wikipedia/commons/9/92/Cartridge-heater-hot.jpg
//commons.wikimedia.org/w/index.php?title=User:Maxellator&action=edit&redlink=1
https://upload.wikimedia.org/wikipedia/en/4/4a/Commons-logo.svg
https://upload.wikimedia.org/wikipedia/commons/5/57/DifferentialChordalResistance.svg
https://upload.wikimedia.org/wikipedia/commons/5/57/DifferentialChordalResistance.svg
//commons.wikimedia.org/wiki/User:Sbyrnes321
https://upload.wikimedia.org/wikipedia/commons/4/41/Diod_gunn.jpg
http://ru.wikipedia.org/
https://ru.wikipedia.org/wiki/User:Babayanav
http://ru.wikipedia.org/
https://upload.wikimedia.org/wikipedia/commons/d/d7/FourIVcurves.svg
//commons.wikimedia.org/wiki/User:Sbyrnes321
https://upload.wikimedia.org/wikipedia/commons/a/aa/Gradient_of_a_line_in_coordinates_from_-12x%252B2_to_%252B12x%252B2.gif
https://upload.wikimedia.org/wikipedia/commons/a/aa/Gradient_of_a_line_in_coordinates_from_-12x%252B2_to_%252B12x%252B2.gif
//commons.wikimedia.org/wiki/User:Alborzagros
https://upload.wikimedia.org/wikipedia/commons/1/18/IvsV_mosfet.svg
//commons.wikimedia.org/wiki/File:IvsV_mosfet.png
//commons.wikimedia.org/w/index.php?title=User:CyrilB&action=edit&redlink=1
https://upload.wikimedia.org/wikipedia/commons/1/14/Kennlinie_DIAC.svg
https://upload.wikimedia.org/wikipedia/commons/e/e4/Metal_film_resistor.jpg
//commons.wikimedia.org/wiki/User:Haragayato
//commons.wikimedia.org/wiki/User:Haragayato
//commons.wikimedia.org/wiki/User:Hidro
https://upload.wikimedia.org/wikipedia/commons/1/13/Nederlands_verkeersbord_J6.svg
https://upload.wikimedia.org/wikipedia/commons/1/13/Nederlands_verkeersbord_J6.svg
http://www.verkeerenwaterstaat.nl/Images/RVV_2006_tcm195-160624.pdf
//commons.wikimedia.org/wiki/User:Bouwe_Brouwer
https://upload.wikimedia.org/wikipedia/commons/5/54/Negative_differential_resistance.svg
https://upload.wikimedia.org/wikipedia/commons/5/54/Negative_differential_resistance.svg
//commons.wikimedia.org/wiki/User:Omegatron
//commons.wikimedia.org/wiki/User:Alejo2083
//commons.wikimedia.org/wiki/User:Omegatron
//commons.wikimedia.org/wiki/User:Alejo2083
https://upload.wikimedia.org/wikipedia/commons/8/8d/Nuvola_apps_ksim.png
http://icon-king.com/
https://en.wikipedia.org/wiki/David_Vignoni
https://upload.wikimedia.org/wikipedia/commons/0/0c/Pinched_crossing_hysteresis.png
https://upload.wikimedia.org/wikipedia/commons/0/0c/Pinched_crossing_hysteresis.png
https://en.wikipedia.org/wiki/User:Blm19732008
https://upload.wikimedia.org/wikipedia/en/9/99/Question_book-new.svg
//en.wikipedia.org/wiki/File:Question_book.png
//en.wikipedia.org/wiki/User:Equazcion
//en.wikipedia.org/wiki/User:Tkgd2007
https://upload.wikimedia.org/wikipedia/en/0/00/Railway_gradient_post.jpg
https://upload.wikimedia.org/wikipedia/commons/d/d0/ResistanceHydraulicAnalogy.svg
https://upload.wikimedia.org/wikipedia/commons/d/d0/ResistanceHydraulicAnalogy.svg
//commons.wikimedia.org/wiki/User:Sbyrnes321
https://upload.wikimedia.org/wikipedia/commons/6/68/Resistivity_geometry.png
//commons.wikimedia.org/wiki/User:Omegatron
https://en.wikipedia.org/wiki/GIMP
//commons.wikimedia.org/wiki/User:Omegatron
https://upload.wikimedia.org/wikipedia/commons/5/5a/Sklon%25C3%25ADk-kles%25C3%25A1n%25C3%25AD.jpg
https://upload.wikimedia.org/wikipedia/commons/5/5a/Sklon%25C3%25ADk-kles%25C3%25A1n%25C3%25AD.jpg
https://cs.wikipedia.org/wiki/User:%25C5%25A0J%25C5%25AF
https://upload.wikimedia.org/wikipedia/commons/b/bf/Slope_of_lines_illustrated.jpg
https://en.wikipedia.org/wiki/User:Dino
https://en.wikipedia.org/wiki/User_talk:Dino
https://en.wikipedia.org/wiki/User:Dino
https://en.wikipedia.org/wiki/User_talk:Dino
https://upload.wikimedia.org/wikipedia/commons/2/2d/Tangent_function_animation.gif
https://upload.wikimedia.org/wikipedia/commons/2/2d/Tangent_function_animation.gif
https://upload.wikimedia.org/wikipedia/commons/a/a9/VI_phase.png
http://en.wikipedia.org/
//commons.wikimedia.org/wiki/User:J%25C3%25B3na_%25C3%259E%25C3%25B3runn

3.4.

TEXT AND IMAGE SOURCES, CONTRIBUTORS, AND LICENSES 17

File:Voltage_controlled_negative_resistance.svg Source: https://upload.wikimedia.org/wikipedia/commons/5/56/Voltage_controlled_
negative_resistance.svg License: CCO Contributors: Own work Original artist: Chetvorno

File:Whole_cell_IV.jpg Source: https://upload.wikimedia.org/wikipedia/en/7/76/Whole_cell_IV.jpg License: PD Contributors: ? Origi-
nal artist: 7

File:Wiki_slope_in_2d.svg Source: https://upload.wikimedia.org/wikipedia/commons/c/c1/Wiki_slope_in_2d.svg License: CC BY-SA
3.0 Contributors: Own work Original artist: Maschen

File:Wiktionary-logo-v2.svg Source: https://upload.wikimedia.org/wikipedia/commons/0/06/Wiktionary-logo-v2.svg License: CC BY-
SA 4.0 Contributors: Own work Original artist: Dan Polansky based on work currently attributed to Wikimedia Foundation but originally
created by Smurrayinchester

File:Znak_A-23.svg Source: https://upload.wikimedia.org/wikipedia/commons/6/60/Znak_A-23.svg License: Public domain Contribu-
tors: Image:Znak A-23.png Original artist: Traced by User:Stannered

3.4.3 Content license

e Creative Commons Attribution-Share Alike 3.0


https://upload.wikimedia.org/wikipedia/commons/5/56/Voltage_controlled_negative_resistance.svg
https://upload.wikimedia.org/wikipedia/commons/5/56/Voltage_controlled_negative_resistance.svg
//commons.wikimedia.org/w/index.php?title=User:Chetvorno&action=edit&redlink=1
https://upload.wikimedia.org/wikipedia/en/7/76/Whole_cell_IV.jpg
https://upload.wikimedia.org/wikipedia/commons/c/c1/Wiki_slope_in_2d.svg
//commons.wikimedia.org/wiki/User:Maschen
https://upload.wikimedia.org/wikipedia/commons/0/06/Wiktionary-logo-v2.svg
//commons.wikimedia.org/wiki/User:Dan_Polansky
//commons.wikimedia.org/wiki/User:Smurrayinchester
https://upload.wikimedia.org/wikipedia/commons/6/60/Znak_A-23.svg
//commons.wikimedia.org/wiki/File:Znak_A-23.png
//commons.wikimedia.org/wiki/User:Stannered
https://creativecommons.org/licenses/by-sa/3.0/

	Slope
	Definition 
	Examples 

	Algebra and geometry
	Examples

	Statistics 
	Slope of a road or railway 
	Calculus
	Other generalizations
	See also
	References
	External links 

	Electrical resistance and conductance
	Introduction
	Conductors and resistors
	Ohm’s law
	Relation to resistivity and conductivity 
	What determines resistivity?

	Measuring resistance
	Typical resistances
	Static and differential resistance
	AC circuits
	Impedance and admittance
	Frequency dependence of resistance

	Energy dissipation and Joule heating
	Dependence of resistance on other conditions 
	Temperature dependence 
	Strain dependence 
	Light illumination dependence 

	Superconductivity
	See also
	References
	External links

	Current–voltage characteristic
	In electronics
	Special I-V curves characteristics

	In electrophysiology
	References
	Text and image sources, contributors, and licenses
	Text
	Images
	Content license



