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CONTRIBUTION TO ANALYSIS OF NONLINEARITIES
: IN THE GENERAL TRAFFIC LAW Q= Cv

by

Westeried Florien
General Automation Company,
Nozy (91) s France

Macroscopic studies determining the dynamics of the uni-
direction free traffic were based as we know, on deterministic
or probabilistic hypothesis, independently. Studies using de-
terministic hypothesis tried to justify traffic laws and traf-
fic stability laws by means of:

- assimilation to compressivable fluid flow[’l,Z,B,tq.

- generating the models of intervals between vehicles of
rank (n,n+ 1) in & column[5,6,7,8;?].

- diffusion motivation.

Stochastic approaches yielded in analysis of the local spaces;
cadences, delays and queues. It enabled also to determine
mathematical functions defining colision or relaxation probabi-
lities in the vehicles flow [10,11],

Deterministic models, using integration of the flow intensivy,
concentration and average velocity led to formal expressions,
with their form and existence domain corresponding, more or
less precisely, to the measurement results. In particulsr,
these models furnished qualitative suggestions on the traffic
propagation or collision waves as associated with properties
of the local roads and with reflex of the asverage driver.
Stochastic models, when imposing probability properties by
choice of the probability distribution (Poisson, Erlang, etc.),
can describe the traffic’s local conditions. Their application
t0 quasi-stationary regimes is limited, however, by a neture
of necessary computations.

In order to get advantages from two traffic interpreta-
tions mentioned above, the author presents s concept of & mo-
del of the general traffic law. The model takes into account
point distributions of the vehicles ‘velocity and concentration,
according to continous treffic law and to imposed security
intervals.
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The general law of the forward circilation in stationary
regime without vehicles ‘bypassing, can be expressed for a .
unidirection displacement, 3as a function of the space "x" and
the time "t", in form:

2 (xt)=c (x,t)-v (,t) ¢ ipiiie b
where the traffic Q(x,t) s concentration C(,x,'_b) and velocity
va,t)are mathematical expectations related to time.

Physical representation of this hypothesis is expressed by
distribution of the traffic, varying along a road / referred
%0 averaged measurement point /. The distribution can affect
the traffic law described by the deterministic models mentio-
ned before, if an auxilliary distribution is imposed. pe
Continuity equation for the intervalsAx, At admits a form:

2C ?(C -
W-{--_%_x—vl: 0 .;.ooooooot.o(,a)
or P ?¢ By

’
-?E—-yvﬁ—«\c,a—i—:o ‘...........-.(2)
Time differential of C(x,t) when having v= dx/dt, after the
terms arrangement yields in

o¢ ac a¢
il | Sl (3)
Fron (2Jend (3) it results

dC av o ‘ 0000 rsRoRe 4
H+tC=m3x =0 (#)
On the other hand, recognizing the concentration as a ratio
of the area occupied by k vehicles of length 1,, to the road
- segment 4%, around the measurement point when assuming proba-
bility density P(t), it yields
g = k'lo P(-t ®eececcvccceee 5
¢. ko2l )
Assuming that P(t) results from the general probability law
e.g. the Erlang law, defined by a derivative
k x-1 -2t
ap. A
p(’b: = -8 .0.0-..-.0000(6
) at [Co )

where Fk) is a probability funection for occurrence of k
events / k arrived vehicles / at time +, and A is sveraged

Foor simplicity, let us denote Q(x,t) = Qy C(X,t)= C, v(x,t):v
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vehicle flow at chosen period t, it yields

a&  _ _xloplt)y -z‘gzlo P(olv + ¢ av/at]l  ....(7)

tv
or, introducing (5)
dC  _ _k do-pb 9 i o)
Kokl o1, 14 i

However

Cav _Crovdx  Ov °¢ . g ¥y - cosdB)
VIt S visx @ t 3t/ Csxt v o5t )

Thus, considering /4/, /7/ and /8/ one can derive

%ﬂ@_.g”%..;g:o S oo d)

If we assume existence of g functionsl relztion in s form:
V=V(C) o ..-.-,.........UOS

which is theoretically justified by consideration of the
vehicles position time changes, influenced by the concentration
varistions, 2

av o dv aC .OO...I.I.......(11)
SOt SodC. o5

then
'av_ u ;c S0P 0SB BOLIOLOOLNNNDS (11’)
5 T ot

where u denotes a parameter describing the road quality.
Substituting (11°) to(9) and essuming for simplicity thet the
probability function is determined by the Poisson law(k = "|>
while ¢'v =\ in the period t,

At
‘DC a’I- )'1 o0 cscsvssccsns 12)
ot T <u-0~§ . (

Remembering relation (10), one may put 3]

a ¢
%:-“‘cn“ﬂl-a-i ....oo--.--.oooo(’l})

when sssuming thet drivers will adept themselves to the condi-
tions of temporary traffic, according to law of the n, m order
proportionality, speci®ic for the intervald x.

Substituting (12)and / 3)to(3) it yields

: g / =2t
ac v Agos o)k
-(ﬁ = M.Cn. \,’m * gg 3 (111' C?t < L/I 4)
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For the Poisson procegs/\the equation '\5) results in

t
o= ‘= @
C = 2 ( e - (k = 1)
Hence
ac v dv 1 : ’
-{-:_zm.a%.‘.ﬁ')v 0000(14)
which, for m= 1, n = =1 and A= C-v =A(t) yields
1 IR R -~ i 271 ees 9E)
a—_E = - o~ . I.E + I C-v
Integrating this nonlinear differential equation one will

obtain
v = Tog S58%- 4 —;‘-.£v2 at aass (15
(%)

vhere Csat denotes concentration of the saturation for which
the circulation velocity is v= O.

Ihe derived equation (16) y according to comprising of a loga-
rithmic term, presents the Greenberg formuls succesfully utili-
zed for defining of the fundamental stable - traffic law.

The second term of eq. (16) is a square-integrel of the veloci-
Ty variations around @ measurement point of the concentration
/distributed in time %, in reference to employed measurement
method: synchronous or asynchronous/.

Zhoice of adaptable formula resulting in different possibili
ties of defining p() m , n will permit for s better inter-
oretation of the actual measurement /the experimental results
r111 have been presented at the IVth IFAC Congress/.

“he fundamental traffic law, expressed by relationship (1)can
be transformed if assuming that security intervals between
vehicles in a column are given by 1 = lo (’I + a.v) . Hence we.
shall obtain ;

) = :% Log 9§.§_§.+ [ A - B-arctgfl +y~(%2+ 5)] e ek

where A, B, /4, X d., a are constants, 1 is a distance betwe-
>n vehicles” bumpers *head way" and lo is the avarege vehicle
length.

xistence of the temms: arc tg or logarithm in the equation
“17) can justify the e priori formstion of the collision waves



in the velocity flow.

The author has the intention to continue the studies to develop
new relations characterizing, in virtue of messurements, the
properties of the parameteres u and o« ,

Extension of the presented theory will be done for determining
of the lights’influence on local variations of the flow velocity
and of their connection with automatic coordinatién of the traf-
fic-control lights.
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SETTING LINKED TRAFFIC SIGNALS TO MINIMISE

-.DELAY

J.A. Hillier, B.Sc.,
Roed Research LaWoratory, Ministry of Transport
Crowthorne, United Kingdom

INTRODUCTION

Increasing traffic on the road networks of our city centres has made it
important that the best use should be made of these expensive facilities.

One step toward this is to co-ordinate the operation of traffic signals over
the area.

Installations involving the central co-ordination of a number of signals
have been operating in BEurope and North America for same y;ears. There was,
however, no major evidence as to the benefits which might be expected from
such installations and the British lMinistry of Transport has invested £1 million
in two experiments to assess what benefits could be achieved by existing or
unconventional control systems. In West London, part of the western approaches
to the City are controlied by a computer system which also includes very
advanced television surveillance and facilities for manual over-ride. In
Glasgow, signals controlling the whole of the city centre are controlled by
a computer using only automatic techniques. This paper deals with methods of
setting linked signals with particular reference to the Glasgow experiment,
which is the direct responsibility of the Laboratory.

The Ministry's experimental progremme is designed to assess existing and
unconventional control schemes under standard conditions.- To enable compari-
sons to be made between results obtained in the two projects, a basic control
scheme is being used in each as a reference against which other control schemes
are judged. The criteria on which an assessment may be made include jourmey
time, frequency of stops, safety, capacity and the effect on environment.

At the present state of kmowledge, however, journey time is regarded as the
most important of these factors and it has been adopted in both West London
and Glasgow as the primary criterion for assessment. Each 'before' or ‘after’
study now consists of four instrumented cars carrying observers travelling for
two weeks over carefully selected routes which include all major traffic nove-
nents on the main roads and many minor roads. The cars make a journey time
assessment by recording journey distance in units of one-fivehundredth of a
nile and time in seconds on a 5-hole punched paper tape. In addition the
observer r;-cords‘the passase of the car past pre-determined timing points,
which are usually signal siop-lines. Records are also bYeing kept of the hours
when particular control schemes are in operation to enable & detailed accident

analysis to be made.
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THE WEST LONDON EXPERIMENT

The area chosen for this pro:)eot1 lies to the west of Hyde Park Corn.er
and covers about six square miles. About 70 existing signal controlled
intersections, together with over 30 new signalled pedestrian crossings, have
been connected to a digital computer at the control centre in the new Metro-
politan Police Headquarters in Victoria Street, Westminster, some three-
quarters of a mile east of the experimental area.

Additional equipment has been placed adjacent to each local controller
in order to allow the computer to take over when required. The main functions
of these outstations are similar to those of the interposing units described
in greater detail in the section on the Glasgow experiment.

Detectors
The computer receives traffic information from the following sources:=-
(1) all existing pneumatic detectors on approaches to signalled

intersections;

(i1) a small rumber of additional passage detectors installed away
from junctions to provide extra data on traffic flows;

(iii) a small number of gpeed-mcasuring detectors to provide information
on speeds of vehicle platoons; and

(iv) short queue and long queue detectors on all critical approaches
to intersections. Queue detectors consist of two small loops,
each 6 feet wide, placed 8 feet apart. If vehicle speeds between
the two loops fall below a pre-determined figure, 8 miles/h, this
is taken to indicate the presence of a queue.

Queue detectors are also provided where the exit from an intersection in
one direction is liable to be obstructed by congestion. These are used to
control a special computer control facility known as "split-phase working",
which holds signals facing traffic travelling towards congestion at red for
part or all of the "green" period, while permitting traffic to move in the
reverse direction in the normal manner.

Data Links §

A solid-state time division multiplex data transmission system operating
over a single telephone circuit is provided between the control centre and
each data outstation. It employs a scan cycle of one second, and in that
period provides 12 channels outward from the control centre to the outstation
and 24 channels inward. There are additional facilities for five further
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inward channels for the transmission of information on vehicle speeds.
Counters in the data outstations accumulate vehicle counts during the one-
second scan period and one-gsecond totals are transmitted to the computer.

Central control equipment
| At the control centre a Plessey XL-9 computer is used as a data scanner,

which rearranges the 24 incoming channels from each data outstation into a
standardized 72-bit format for presentation to the central processor computer,
which is another XL-9. The data scanner also receives the output of signal
control pulses each second from the central processor.

The central processor has a 16K, 24-bit word core store with a drum back-
ing store of 83K, 24-bit words. The time for simple transfer and arithmetical
operation is 5 microseconds. Peripheral equipment includes a tape reader,
tape punch and a flexowriter.

An important feature of the installation is the control/display console.
This consists of the three-position desk from which any intersection in the
area may be disconnected from computer control for isolated vehicle-actuated
operation or for manual control on site. Six important intersections in the
area can be monitored from the control centre by closed circuit television
equipment, which provides remote control of pan, tilt and zoom.

Control Schemes

The traffic control schemes to be studied involve the "strategic" selection
of linking plans to suit the general traffic conditions in an area and "tactical"
local modifications based on traffic conditions at the individual intersections.
Provision is also made for the diversion of traffic round bottlenecks at times
of extreme congestion.

THE GLASGOW EXPERIMENT

The experimental area covers about one sguare mile of the Glasgow central
business and shopping district, including four bridges over the Clyde and
about 80 Plessey traffic signals. A simplified diagram of the road network
controlled by signals in this area is given in Figure 1. All these signals,
apart from three pedestrian crossings, are vehicle actuated and those on
several major streets are connected by local linking systems.

Additional equipment has been placed adjacent to each local controller
in order to allow the computer to take over when required. The main functions

of this interposing unit are:=-
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(a) t» transmit information about the state of the signals and the
detectors to the central control; :

(b) to receive instructions from the computer; and

(¢) to send the necessary signals to the controller to cause it to
show the required signal aspects when under computer controli.

Detectors

All approaches %o traffic signals in Glasgow have pneumatic detectors,
plabed between 90 and 130 feet before the stop-line, which detect the passage
of all axles. The output from each road separately is brought back to the
computer centre.

Two forms of inductive loop detector will be installed in addition.
Small-loop vehicle presence detectors will be used to establish the presence
of queues waiting to turn in the centre of intersections and they may possibly
be used at other places along the approaches. ILarge-loop vehicle presence
detectors will be used in certain circumstances to establish how much traffic
occupies the whole of a section of road between major intersections. The
loop is laid in slots parallel to the kerb to cover the effective width of the
road and extends from one intersection to the next. It gives a linear output
according to the amount of traffic which is travelling or stationary above it.
This form of detector, still in the experimental stage, is intended for use
in the more advanced, unconventional forms of control and might be applied to
automatic assessment of control schemes. *

Engineers from the Marconi Company working at the Laboratory have developed
a tribo-electric detector which looks promising as a more reliable alternative
to the existing pneumatic detectors at signals. It operates from the elec-
trical signal produced in a co-axial cable under impact. The cable is
enclosed beneath a stainless steel strip which is mounted flush with the road
surface. The detector is about 23" wide by 13" deep and is considerably
easier to install than the existing detectors.

Data Links
Seventy of the intersections are connected to the control centre by multi-
core cables laid through existing ducts originally provided for the Glasgow
tramway system. Each group of six ocontrollers is connected to the Centre by
100 pair cable with the following allocation of pairs:-
a) 14 separate pairs to each controller
b) one pair cormon to all six controllers for a telephone

\

¢c) five separate pairs common to each pair of controllers
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The remaining ten intersections not on the multicore cable network are
controlled from the computer centre by Smiths voice frequency multiplex data
transmission equipment working over telephone circuits. Two pairs are pro-
vided from each intersection to carry data transmission and speech. The
maximum number of control channels required between any of these local
controllers and the computer centre is 18. Six channels transmit informetion
from the computer centre to the local controller at speeds up to 5 bauds.

Of the 12 chamnmels in the opposite direction, 8 are capable of signalling
at speeds of 35 bauds. .

Incoming information. The following data are sent back to the control
centre at all times whether the computer is controlling the signals or not:

(a) a continuous indication of the traffic phase which is being given
a green signal. This information is used, among other things,
to operate the lamps on the map display;

(b) axle counts for control and assessment purpose and to assist in
maintenance by showing up detector faults. The detectors on
each approach are fitted with pulse lengtheners which are scanned
ever 25 milliseconds.

(¢) a speed-timer signal which is associated with one of the features
of modern British wvehicle actuated controllers.

Computer "take-over" of signals. The computer takes over operation of
a local controller via the interposing unit by sending a contimuous electrical
signal, and the local controller will only respond to computer commands to
change its signal aspect while this take-over signal is being received. The
local controller returns a continumous confirmatory signal when it has responded
to the take-over signal. The safety features incorporated in the local
controller, i.e., minimum green and intergreen periods are maintained while
under computer control and demands by the computer to change the traffic phase
can only be obeyed subject to the operation of the safety features.

A d.c. signal is sent on a separate circuit simultaneously with the take-
over signal to guard against stray interference being interpreted as a take-
over signal. It lasts until a confirmation signal is received. Receipt by
the interposing unit of the take-over signal together with the d.c. signal
operates & delay circuit. If the teke-over signal continues to be received
the delay circuit will release the local controller from the computer after
& delay of two to three mimutes unless the timing is re-set by the release of

all the signal aspect relays during the intergreen period as a result of e
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command from the computer. This feature ensures that the central equipment
cannot take over the operation of the local controllers and then fail to
switch the traffic signals.

When the take-over signal ceases the timing is accelerated so as to
reduce the delay before release to 3 to 5 seconds. This prevents the occun.:ence
of a long period without a signal change when the central equipment relinquishes
its control. The retention of a short delay enables the computer to retain
control of the local controller even if a burst of interference causes a short
break in the take-over signal.
Central Control Equipment

The central computer is a Marconi.Myriad I with a core store of 16K 24-bit
words. The time for simple transfer and arithmetical operations is 3 micro-
seconds. Input to the computer is through two Facit readers which can read
5 or 8-hole tape at 500 cha.ractérs/ 8; the reading heads are electro-static.
Outputs from the computer is produced by a Facit punch operating at 150 charactexrs

Eight levels of interrupt are provided for dealing with transfers to and
from peripheral equipment. This consists of a Sperry drum with a storage
capacity of 80K 24-bit words, a console typewriter for the output of emergency
nessages to the operator and the input of small amounts of data, a Benson-Lehner
graph-plotter and the single-bit input and output unit. Traffic and signal
data from the interposing units are presented in the control centre on a
bank of 1152 contacts. The computer can control up to 576 pairs of relay
contacts for transmitting commands to the local controllers. The relays
remain set until instructed to change by the computer. Data is transferred
to and from the computer in groups of 24 bits at a time.

A very simple map display is being used with lamps indicating the con=-
ditions of the signals and whether or not they are under computer control.
This display is intended to show that the control system is behaving generally
in the way expected but it is not intended for use as an aid to manual control.

Provision has been made for up to 100 analogue input current signals of
0-5 milliamperes to be received from devices such as the large loop detectors
for measuring the concentration of traffic on a signal approach. Each
analogue input is converted into a 7-bit binary number suitable for the
corputer by an analogzue/digital converter.

The computer is housed in a pre-fabricated air-conditioned building
provided by the Glasgow Corporation. The building also includes office
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accommodation for the staff and facilities for servicing the instrumented
cars used during assessments.

Control Schemes

The programme of control schemes which is being assessed in the Glasgow
experiment is given below. It may of course be modified in the light of
experience or new developments.

Fixed-time progressions selected by time of day. This is one of the
simpler fqr;:s of co-ordinated control. The cycle times and éplits for a
given traffic condition, i.e., morning peak, evening peak, or mid-day, are
based on observations made beforehand. The appropriate plan is then selected
according to the time of day.

No detectors are used and the system depends entirely on historical traffic
information.

Linked vehicle actuated operation. The linked vehicle-actuated flexible
progressive system is that used commonly in British linked systems today.
Details of its operation are given in reference 2. A master controller
determines the common cycle and exerts overriding control of the local vehicle-
actuated controllers at certain points in that cycle.

i’neumatic vehicle passage detectors are used at all signals.

Fixed cycle progressions mam% equal degress of saturation. It has
been show: that maintaining an equal degree of saturation on each traffic phase
3

produces minimum delay with fixed-time signals and steady.traffic”. The degree
of saturation of an approach is the ratio between the flow actually arriving
and the maximum flow which could be handled with the green time allocated.

This control system will operate in conjunction with fixed-time progressions

as a means of allocating to the main and side roads appropriate greens inside
the fixed cycle length.

The normal pneumatic detectors are also used in this system.

Fixed-time progressions selected according to traffic conditions. = This
systep is very similar to the first described above, bhaving a library of fixed-

time plans to suit differing traffic conditions. The appropriate signal plan
is selected from the library on the basis of information from a small number
of detectors which are used to carry out a simple form of traffic pattern
recognition. 4 control schem~ of this type commonly used in the United States
is given the name '"P.R." sys*“:. ri.
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Signals changing on cessation of saturated flow. In this control
scheme the signals will operate in isolation. At each, a traffic phase will

be allowed to run for so long as at least one of the roads controlled by that
phase has traffic entering the intersection at the saturation flow* rate.

The existence or otherwise of saturation flow will be determined by astatis-
tical examination of the gaps between the traffic passing over the pneumatic
detectors.

inimigationof delay by prediction and on-line simlation. The minimum
delay control scheme is based on a limited prediction of traffic arrivals and

is intended for application to those major intersections which become critically
overloaded as traffic increases. The object of the scheme is to minimise
delay by increasing capacity at these intersections, i.e., the primary bottle-
necks. The less important junctions on roads leading to major intersections
would operate on a fixed-time basis. The computer will simulate delays from
estimated arrivals at the stop-line in each section. No change in traffic
phase would be made if the total delay over the cycle would be reduced by waiting.
If the calculation shows that it would be worse to wait another second, further
calculations would be made of the effect of change in 2, 3, 4 or 5 seconds in
the future. If all these indicate that it would be worse to wait then the
signals would change immediately.

This control scheme will use both small-loop and large-loop vehicle presence
detectors in addition to pneumatic detectors.

TECHNIQUES FOR SETTING LINKED FIXED-TIME TRAFFIC SIGIALS

It can be seen that most of these control schemes depend on the provision
of fixed-time progressions. The conventional method of obtaining settings
for linked fixed-time signals has been to use time distance diagrams, produced
originally by hand but recently by off-line computer metheds. This technique
is workable for single roads carrying either one-way or two-way traffic; the
aim is to maximise the bandwidth (the proportion of the cycle for which a
vehicle unimpeded by other traffic and travelling at a pre-determined speed
on each section of the main road could enter and pass through the system with-
out meeting any of the iights at red). A serious disadvantace of this aim
is that the bandwidth that can be obtained is almost always insufficient to
deal with the amount of traffic that can, and does, pass through the system.

A further disadvantage is that delay is not considered and no account is taken

* 3Saturation flow is that flow which crosses a stop-line from a queue when
the signal is green. It is the maximum rate of flow possible on any given

approach.
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of vehicles which turn into the mein road from the side roads.

The Combination Method for Setting Linked Traffic Sismels

To overcome some of these disadvantages of the time/d.ista.nce diagran the
Combination method (proposed by Whiting and described in reference 4) was
developed for setting signal progressions to give approximate minimisation of
delay on certain types of network. In order to avoid a compliceted simulaticn
and considering all possiblle combinations of the settings of the signals, the
method mekes the following simplifying assumptions about the behaviour of
traffici~-

(i) the settings of the signals do not effcet the amount of traffic
on the routes used; 4

(ii) all the signals have a common cycle (or have a,cycle which is a
sub-multiple of some master cycle);

(i1i) at each signal the distribution of the effective green time
among the phases is known; .

(iv) the delay to traffic in one direction along any sectior (link)
of the network depends solely upon the difference between the
settings of the signals at each end of the section; it is not
affected by any other adjacent signals in the network.

: The last assumption is the critical one since it is not true for all
conditions of traffic but when the network is fairly heavily loaded, i.e.,
when most traffic problems become apparent, the assumption is sufficiently

accurate.

On the basis of these assumptions it is possible to derive a relation
between: >

(i) +the delay to traffic travelling in one direction along &
section, and

(ii) the relative timing of the start of the main road greens at
the signals at ‘the beginning and end of the section. This
relative timing is known as the difference of offset.

If the cycle is divided into en equel number of steps (say 50, which 3s
a common mumber in British linked signal systems) then the dela,y/di!‘ference-
of-offset relation for a given section will be a histogram of 50 steps, each
step representing the delay essocisted with a given difference of offset
between the signals at each end of the section.

A typical deley/difference-of -offset histogram is shown in Fig.2. These
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relations are essential to the Combination method but the mamner in which they
are produced, i.e., by simulation or by calculation, is not important. When
using the Co;nbination method to obtain signal settings for Glasgow, very
simple assumptions were made about the behaviour of traffic entering and
travelling down the section. Later versions of the method have been improved
by the inclusion of, for example, allowance for platoon dispersion as the
traffic travels down the section.

"When all the individual delay/difference-of-offset relations for each
section or link in the network are known it is possible to combine the relations
of adjacent links, provided that they are connected in a simple series or
parallel manner.

When combining .1.1.nks in series, the relation for link A-— B combined to
that for link B—C gives an overall relation for A—>C., For each of the
50 offsets of A—C, the 50 possible settings of B are tested and the minimum
recorded. This requires 2,500 calculations.

For combining links in parallel the relation for A— B can be combined
directly with the reverse of the relation B—A giving an overall relation
A=3B. This requires 50 calculations.

By repeated operations of this type a suitable network can be completely
reduced until only one delay/difference-of-orfset relation remains. It
represents the delay on the whole network in terms of the offsets between
two points on it. From this the difference-of-offset between these two
points which gives minimum delay over the whole network can be chosen. Going
back over the process used to obtain the overall relation it is then pqssible
to find the minimum-delay offset of each signal. The particular value of
the technique is that it is systematic and therefore can be carried out by
computer. The amount of work involved is approximately proportional to the
number of links and is very considerably less than it would be if every possible
permtation of offsets throughout the network were to be considered.

The requirement that individual links must be connected in a serial or
parallel manner dictates .the type of network to which this method could originall
be applied. These networks which could be completely solved consisted of
ladders or a tree* made up of ladders. The Glasgow street network shown in

.

* A tree is a network in which there are no closed loops; a ladder is considere
as two parallel routes with cross links. For a tree made up of the ladders
each link of the simple tree has been replaced by a ladder.
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Figure 1 is more complex tlan this and 4he Combination method was epplied ©

removing unimportant links to bring the metwork to the required form. L2 ::-pj
has subsequently proposed a method by which the Combination method can be
extended to some more comnlsx networks. Figure 3 shows examiles of varimus

types of network.

liodified Combination method. The basic method has been modified to

provide a technique which will allow approximate minimisation of delay on &
two-way road when the signals are not heavily loaded, and assumption (iv) above
is not strictly valid. In this case the road is considered as & simple ladder
network made up of two one-way roads connected at the intersections by imacinary
links. The {traffic in each direction is then assumel $o be travellin: in
plé.toons, in such & manner that it passes through each intersection at saturation
flow during a "dummy" green which is just sufficiently long to handle ine trzffic.:
An upper limit is placed on the total green time allowed to the main roazd at

each intersection. It is then stipulated thet the "dumay" ;reens in opposiis
directions at each intersection may not be separated at their extremes, i.¢.,
‘from the start of the first to the end of the second, by more than the total

main road green time available at that intersection.

Prelirminary tests of the Combination method. The modified method was used

to produce linking plans for 8 signals on the Cromwell Rozd, London. The "before
and after" stud; showed that the plan produced by this method reduced averare
journey times in the mid-day neriod between peaks by a statistically simificant
8 percent. These savings in journey time were estimated to be worth £10,000

per axmum and it was felt that the results justified a fuli-scale trial.

Irial of Combination method in Glasgow. Signal settings produced by the
un-nodified Combination method were compared with the existing mixture of linked
and isolated vehicle-actuated signels in Glasgow during Autumn 1967. It wes
decided that there should be three plans, for the morning peak, evening peak
and between-peak periods respectively. TFor each plan, the calculation of cycle
times and the preparation of input data for the computer took about 10 man dz;s.
Taking off the results and checking took & further 3 man days. The programme
took about & hours to run on a slow computer; it is estimated it would teke
between 5 and 10 minutes on liyriad I. These times do not include the collection
of traffic data or its reduction to the correct form, or decisions on the traffic

phasings and safety features at each signal.

The "vefore" survey was carried out in October with the signals under locel

control and the "after" survey was carried out a fortnight later in November
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when the signals were under computer control. The signals were switched tc
computer conirol for one week before the 'after' survey to enable drivers to

become used to the changed conditions.
In this first instance each survey covered the weekdays of two weeks using

two cars. Flow measurements were obtained by a team of about 16 observers who

tock short sample counts throughout the network.
Preliminary examination of the results showed that the Combination method

sattings had reduced the number of vehicle hours per hour being spent in the
network during the working day by about 12 per cent. However, journey times

were very dependent on the level of flow in the network so graphs relating
vehicle-hours per hour and vehicle-miles per hour were plotted, see.Figure 4.

These showed that the new settings had produced reductions in journey time of |
approximately 11 per cent during the morning peak, 8 per cent in the period between

peaks and 20 percent during the evening peak.
The Combination method results shown for the evening peak were obtained

iuring a second assessment in May 1968. Those obtained in November 1967 have
not been shown because they were obtained during darkmess. They were indis-
tinguishable from the "existing" results obtained during daylight.

The results shown in Figure 4 are still being analysed statistically and
the improvements quoted may be revised, but the present conclusion is that the
Combination method settings produced an improvement of 12 per cent in the average
journey times of vehicles in Glasgow during the period covered by the survey.
It is estimated that, if this.improvoment were maintained, the savings in the
time of vehicles and occupants* would be worth about £600,000 per annum. The
capital cost of the equipment installed to date, which includes some features
for experimental use only is about £330,000.

The period of the trial was too short to allow any analysis to be made of
changes in accidents.

The results quoted above show that a substantial improvement in journey
time can be obtained by using the Combination method to select the best offset
tetween linked fixed-time signals. Another method called TRANSYT, which optimises
both offsets and splits a.n.d which can be applied to any type of network was
developed by Robertson, a Plessey engineer, when working at the Road Research
Laboratory. The traffic model used in TRANSYT includes allowance for the flow
interaction between successive sections of roads, a simple but effective repre-
sentation of platoon dispersion, and flow control by signals or by another
traffic stream which has right-of-way. The overa.l impedance to traffic is

* Assuning an average vehicle hour in Glasgow during the day to be worth 17/64.
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measured by a performance index that can be chosen with any desired balance
between journey time and number of stops. The optimisation process uses &
"hill-climbing" technique to minimise the performance index by altering the
points within the signal cycle at which each green signal starts. The cycle
time of the system is not cfua.ngsd automatically by the optimisation procedure,
although the effect of different cycle times can be considered by successive runs.

IRANSYT traffic model. TRANSYT makes the following assumptions about
the traffic situations-

(i) all major junctions in the network have signals (or are controlled
by a priority rule);

(ii) all the signals in the network have a common cycle time or a cycle
time of half this value;

(iii) traffic entering the network does so at a constant specified rate

on each approach;

(iv) the proportion of traffic turning left or right at each signal
remain constant throughout the cycle; it does not depend on where
the traffic approaching the signal came from.

Traffic patterns. The common cycle of the signals is divided into 50 equal
units of time. All TRANSYT's calculations are made on the basis of the average
values of the flow rates and vehicle queues which are expected to occur during
each of these units of "time. No representation is made of individual vehicles.

The traffic flowing into a link is obtained by taking the appropriate fraction
of the traffic leaving upstream links. The pattern of traffic entering a link
will be displaced in time and modified during the joummey ;.10ng the link, due
to the different speeds of the individual vehicles and platoons of vehicles
which will be partly dispersed. The process of platoon dispersal can be
expressed by the formulas ¢

‘1'(1 S R i 1?)"1'(1 +t-1)

where 9 is the flow in the ith time interval of theinitial platoon
q' i is the flow in the ith time interval of the predicted platoon
t is 0.8 times the average journey time (measured in the time intervals

used for q_l)
and F is a smoothing factor which was found to be related to the journey
time by the expression

1
1+ 0.5%

F =
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Calculation of delay. The average delay per unit time is calculated in
two parts vl;ich are added together; the fir_st corresponding to'a uniform’
pattern of arrivals at the cycle is obtained by simulating the traffic behaviour
over the cycle; the second allows for random variations from cycls to cycle and
depends on the average degree of saturation at the stop-line being considered.

" PRANSYT optimisation procedure. Thé first step is to calculate the per-
formance index of the network for an initial set of signal timings. The next
staée is to alter the offset of one of the signals by a predetermined number
of -515 cycle units and to re-calculate the performance index of the network.
If it is reduced the offset is altered successively in the same direction by
the same number of units uﬁtil a minimum value of the index is obtained. If
the initial step increases the value of the index, the offset of the signal is
altered in the opposite direction. The process of optimising the offsets of
each signal in turn is repeated a number of times to obtain the final signal
settings.

Re-allocation of green time. In the previous section the amount of green
time allocated to each arm of a junction was assumed to be unchanged during the
hill-climbing process. TRANSYT is also capable of optimising the start of each
sreen on its ovm at a signal before proceeding to the next sigmal. This enables
TRANSYT to re-allocate the green time between the various approaches to a signal
to reduce the performance index, but it is not allowed to reduce a green time
below 2 specified minimum value for that approach.

Data output. Two forms of data output are available from the lyriad I
computer programme on which TRANSYT is run at present. The first consists of
tabulated values of the signal settings and the expected traffic behavicur on

ach link; the second consists of the graphical presentation of flow patterns
7ithin the network. The graphs are a development of the conventional type of

time-distance diagrams used by traffic engineers to set signal progressions.

Preliminary tests of TRANSYT. Settings produced by TRANSYT were tried
on the 8 siznals on Cromwell Road used for the earlier tests of the Combination
2thed, which gave an 8 percent improvement in journey time by optimising offsets
mly. TRANSYT settings which optimiszd both offsets and splits gave a further
12 percent reduction on average journey time during themid-day period.

The new traffic data collected for TRANSYT was also used to up-date the
;plits calculated by hand for the Combination method. Using these new data
ths Combination method gave offsets for Cromwell Road almost identical to those

iven by TRANSYT., However, it was felt that TRANSYT might be a better method
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to use in a large network like Glasgow because of its ability to optimise both
splits and offsets.

Trial of TRANSYT in Glasgow. A comparison of TRANSYT and the Combination
method was carried out in Glasgow during May and June 1968. The preparation
of a TRANSYT plan required about the same amount of mamal effort as the
Combination method: running time on ifyried I was about 1% hours. The TRANSYT
model predicted that journey times would be ebout 3 percent lower than those
given by the Combination method. As before, observations of journey times and
traffic flow were made by instrumented cars and road-side observers, but the
number of instrumented cars was doubled from two to four.

The results of the trial are shown in Figure 5. Average journey times
with TRANSYT were lower by about 5 percent in the morning peak, by about 2 percent
between peaks and by about 5 percent during the evexﬂ.ng peak. Over the whole
day the reduction was about 4 percent. None of these differences was statisticelly
significant, however. '

The difference between the TRANSYT journey times and those on the existing
system was statistically significant. If these reductions in journey time
were maintained for a year it is estimated that the savings in time for wehicles
and occupants would be worth £750,000 per annum.

CONCLUSIONS

Both the Combination method and TRANSYT are successful techniques for
setting a network of linked fixed-time signals. There was no conclusive
evidence that one was better than the other in Glasgow, but both produced
substantially lower average journey times than the existing system set by hand.
This is a significant result because the existing Glasgow system, a mixture
of linked and isolated vehicle-actuated signals, was itself believe to be more
advenced than those commonly in use in other parts of the world.

ACKNOWLEDGEMENTS
The author acknowledges the contribution mede by his colleagues, particularly
Dr. Joyce Holroyd, Mr. P.D. Whiting and }r. D.I. Robertson. Published by
pernission of the Director of Road Research. Crown Copyright. Reproduced
by permission of the Controller of E.M. Stationery Office.

REFERENCES
1. INSTITUTION OF CIVIL ENGINEZRS. Proceedings of the Symposium on Area Traffic
Control in February 1967. Paper 1 by B.l. Cobbe, also papers 4, 5, 10, 13,
14 and 15.



2.

3.

24

DEPARTMENT OF SCIEH’i.‘IFIC AND INDUSTRIAL RESEARCH, ROAD RESEARCH LABORATORY.
Research on road traffic p.340-341 London 1965 (H.M. Stationery Office).
VEBSTER F.V. and B.M. COBEE. Traffic signals. lMinistry of Transvort,
Road Research Technical Paper No.56, London, 1966 (H.M. Stationery Office).
HILLIZER J.A. The area traffic control experiment in Glasgow. Proceedings
of the 35th Anmal lleeting of the Institute of Traffic Engineers "A ¥World
Traffic Engineering Conference" held at Boston, llass., October 1965.

" Reprinted as Glasgow's experiment in area traffic control. Traffic Engng

Control 1965/66, 1 (8), 502-9, (9), 569-T1.
ALLSOP, R.E. Choice of offsets in linking traffic signals. Traffic Eneng

Contxol. 1968, 10 (2), 73-5. -



25

$231NaW0d Ag

AYOM L3N WNSIS 40 Wy aovia L 8

(271104 1NOD

- aNud

5 J0yndwo)

MOOSV 9




26

MNIT 804 NOILVT3Y 13S440-40-30N3¥33410 / AvV13a

v 40 31dWvx3 614

—— 31242
H j 135440 J0 92UaI3JIQ
0S 07 o€ 0z

ol 0

| I |

U/ INOY = 3)21Y3A U} UO 13304) O} ADjap 010]



27

Ry

o = ' 1 0——0

'Tree” network _‘Ladder network

o, 0

\ ’ . . .
Tree mads up of Ladders Network which cannot be reduced
by original method

Fig.3. TYPES OF NETWORK



Vehicle —hours /h

3000

T T T T T - T
AM. PEAK OFF PEAK PM. PEAK
A/ - 20°y
2000 = v
: 1% o
P 1 60
o
° °
1000 |- s -
A Existing local control |
o Fixed time linked controt
combination method
X Mean value
0 | LW | 1 A 1 !
g 15000 20000 15000 20000 15000 20000

Fig.4. COMPARISON OF EXSISTING CONTROL AND COMBINATION METHOD SETTINGS, GLASGOW

Vehicle -miles per hour

3000

2000

8T



Vehicle-hours /h

3000

2000

A.M.PEAK

OFF PEAK PM. PEAK
B £ 3
o o &
(o 0%,
2y o®
o R4
A A
r— —
O Combination
4 Transyt
1 1 ] 1 A, 1 L
15000 20000 15000 20000 15 000 . 20 000

Vehicle-miles per hour

Fig.5. COMPARISON OF COMBINATION METHOD AND TRANSYT SETTINGS,GLASGOW

3000

2000

1000



30

AJTOPUTIE COCTABJIEHUA [IJAHA LBWXEHUA TACCAXUPCKUX
CAMOJET(B ¥ UX ONEPATUBHAA KOPPEKTUPOBKA
(ABTOMATWYECKOE YNPABIEHUE TEHAEHUMAJBHON CUCTEMON)

Araceros J.ol., Xopmoncxuit X.b., Juauc B.K., Tapamonor .M.,
®ponos C.P.

HayuyHo-BHUMCANTENBHENY LEeHTD I'paXzaHCKOi#t aBuanum

Pura

CCCP

OCuee omucaHue CUCTEMH
TpancmopTHas cers ['paxzanckoit apumanuu CCCP oGecnmeuuBaer

cBA3dp Mexny IS0 KpymHHMU TOpPOZAMK. M NPEACTaBIAET COGOR rpad,
uuebnuit okomo 2500 OCHOBHHX pelep.

OzuH nmepeneT MEXAy ABYMA BEpUMHAMM, HE3ABUCHMO OT UMCIA
NpOMEXYTOYHNX NOCAZOK,Ha3uBaeTcH peiicoM. Peilc moanocTsn xa-
PaKTepusyeTca HaCopoM aouepon[p.mj,} BEpUUH, B KOTOPHX
OCYLieCTBAANTCA KOHEUHHE ¥ IPOMEXYTOYHHE B3JNeTH (Mmocazkm) u
BrEeMEHE! NEePBOHAYalBHOTO B3NeTa M3 BepuMHH j, .Peiicw,uuenuue
OZVHAKOBHE HAGOCPH {jhnuﬂ} BEpOUH, HA3HBAKNTCH OZHOUMEHHHMHU .
Iy?s coeZuHAKLMI BepUMHN {p,mj.} Ha3nBaeTCA aBuanuHueit. o
JIAHHO{ aBUANMHKU OCYWLECTBAANTCHA OZHOUMEHHHE pElCH M IpH TOM,
e MeHee OZHOI'O 3a pacCMATpUBAEMuii Mepuoj yrnpaBIeHHA.

TepeB03KH aBUEOUMOHHHX MACCAXUPOB OOECIHEUYMBANTCH MyTEM Ha3-
HaUEGHUA CeTH aBuanuHuit (Ha 3azaHHOM rpade cpaseil), Ha3HaYeHUA
yiCcNa pelicos Me KAxKoil aBMaNMHUK W, HaKOHel,, MYTeM yBA3HBAHUA
scell peficoB B eZMHOE DACNUCAHUE MACCAXUPCKOr'0 ABURCHUA.

H{a0op aBualuMHM{l C yKasaHMeM uuCia OXHOMMEHHHX peficoB
H23HB3ETCH MJIaHOM ABUXREHUA.

Crpoc Ha aBMAUMOHHHEE MEepeBO3KM 3a JaHHHiI NMepuoj BpEeMeH:N
ABJRETCH ChyvaliHoit BemmuuHo#. CiyuallHOCTH cmpoca ZenaeT HEO0-
XOZUMOY KODpPEKUMD YMCIa peitcoB B 3aBUCUMOCTU OT KOHKPETHO
crrazyBapueiica curyanuu.Tem caMuM BO3HUKAeT 3ajiaya yIpaBlieHNs
B yCJOBUAX Boauymabmnx Bo3ZelicTeuit. [IpM umaMeHeHUH crpoca Ha
2BUANEePeBO3KM NPUXOZUTCH BBOZUTH WU3MEHEHUS B NJIAH ABUKEHUH.
CzHaKO 3TU U3MEHEHUf BCEr[a HOCHAT YaCTWYHHN XapaxTep U npef-
CTABIANT COOOl 70GaBIEHWE UIU OTMEHY OTZENBHHX DElicOB.DBHIO Ou
COBEPUEHHO HEMHCIUMHM MOJNHOE W3MEHEHMEe BCEro MJIaHa IBUXECHUA B
MOpAZKE ero Texyuell KOppeKuv#.STO CBA3AHO C TEM,UYTO IIaH
LABUKECHNA 3a7aeT
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"HEe TONBKO YCNOBMA NEPEBOSKM NAacCCAKUPOB, HO M YCHOBUA QYHKLU-

OHUPOBAHUA BCEi cuCTeMH I'paXZaHCKO} aBManuy : 3aTpPys3K¥ aspo-

ZpPOMOB, DPaCOTH 83POAPOMHHX CJIyEC, BCHOMOT'ATENBHOIO TPAHCHOPT—

HOT'0 OOCHYXWBAHUA NACCAXKUDPOB, DPACHPEZENEHHHX CDEJCTB U T.Z.
QopManbHoe ONMCAHNE CHUCTEMH

oz 00BEKTOM yNpaBAGHUA MOHUMAETCHA CHCTEME ABUALUOHHHX
CBf3ell, BKINYANmAas B cela Ipad cBA3Eil, HaGOp aBUANMHUI,HAGOD
peiicoB,Ha00p NOTEHUVANBHEX aBMALMOHHHX Naccaxupos {puc.l).

oz nmoTeHuUANBHHMYM ABUALMOHHEMY MacCAXKDAMU NOHKMANTCSH
amia, NpeTeHZywilde Ha llepeMeleHue ,KOTOpHe, NpPM COOTBETCTBY-
OIEX YCNOBMAX, CMOTJAW OH BOCIONB30BATHCHA &BUALMOEHHM
TDPaHCIOPTOM . : .

PaccuarTpuBaeunit 065eKT ABAAETCA CONBUWON CUCTEMOl ¢ Orpou-
HHM UMCNOM CBfA3ejl ¥ mapamMeTpoB. K mapameTpaM CHUCTEMH OTHOCAT-
CA: CNpOC Ha aBMANEPEeBO3KM MEXZY KakZHMM ZABYMA Tropozauu(Goznee
5000 cymecTBEHHHX BEJWYMH),aBuanunmy (oxono 700),umcna ozHO-
IMEHHHX peiicoB mo Kaxzoft asmamuuauu (okxoxno 700).

Jnpasusnmee Bo3zeiicTBME COCTOMT B M3MEHEHMH uYucIa pelicoB
IO JNHUAM, UM W3MEHEHUM BUfia JIMHME (MOCAZOR,nyTeit).

Jnpasaspmee BO3ZeiicTBUE MO OZHOMY NApaMETDPy OCYLECTBIAETCH
Npy MOJYYEHMY OZHOI'O YNPAaBIAALNEIrO MMIYJNbCa. TaK,Zif ynpaBiafn-
nero BO3ZeiicTBUA MO BCEM NapaMeTpaM Hazo nozars nopsazxa I4C0
YIPaBAADINX UMIYIBCOB.

liaMeHeHMe cCIpoca Ha IEPeBO3KM HMEET CUCTEMaTHYEeCKHe M CIy-
yailHne cocTaBiafbpuue. K cUCTeMaTHYECKNM OTHOCATCH,HaNpuMep,
Ce30HHWE M3MeHeHuA. ll3MeHeHHe cnpoca BO BpENEHM NPUBOAUT K
N3MEHEHNAD COCTOAHMI OGHEKTa BO BPEMEHM M 3TO M3MEHEHUE MH Oy-
ZieM Ha3WBaTh TpaeKTOpueil ABUXKEHUS YNpaBAAEMOA CHUCTEMH B
NpPOCTPaHCTBE NapaMeTpos.

[loBezeHne CUCTEMH 3a7a€TCH NEepexoZHO# QyHKuuei
P{X(T)<MIX(t), t€(2.5)} ,rae X(T)cocrosnue CHCTEMH B MOMEHT
spexenn T ,X(t)- Tpaexropus (nmepeuns BCEX COCTORHNI)CUCTEMH
3a Bpems (?,8). Kak m3aBecTHO,nepexoiHas (yHKLNA AaeT BO3MOX-
HOCTH NpPOTHOSUPOBATH OyAyliee MOBEZEHME CHCTEMb (UMEEeTCHA BBULY
BEPOATHOCTHHII MPOTHO3) NPM K3BECTHOM NPOLJION IOBEASHUM.

OueHKa MOBEZEHUS CHCTEMH OCYLECTBIAETCH HA OCHOBE (YHKLKO-
Hana, 3a7QHHOTO HA TPAEKTOpPUYM ZBMEEHUR CHCTCMH. TaKuM QyHKIU-
OHAJZIOM MOXET SBUTHCA MpUOHAE UJNK CECECTOMMOCTH MEPEBO30K 3@

' paccMATDUBAEMH{l NEepuoz BpEMEHV YHpaBlieHNns. 4
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3azava ynpasiaAlLUX BO3ZeiHCTBUHA COCTOUT B ONTUMU3ALUK ;
TPAEKTOPUM ZBUKEHNUA CUCTEMH, T.E€. B BHOOpPE TpaexTopuu, o6pa-
mapueil QYHKIMOHAN B MakcuMyM (MUHKMYM). B BEepOATIIOCTHOM IJaHE
peusb MOXET MATH JAMCO0 O MAaTeMaTMYECKOM ORMZAHMM (QYHXLZOHANA,
7100 O MpeZeNbHOM 3HAUYEHUM NPU OECKOHEUHOmAr OBOM I pouecce
YIPaBIEHNUsA o .

B paccmaTpubacMoM BUZEe OOBEKT ymnpasaeHusa (puc.l) aABageTcs
NpMMEpPOM YIpPaBIAEMOr'0 CIyuyajiHoro mpouecca. OZHaKO 37ech
uMenTCa OCOOEHHOCTM, KOTOPHE OKA3HBAWT KODPEHHOE BJUAHUC HA
MeTOZ YIpaBIEHUs 3TUM OOBEKTOM, M Ha IDOCTPOEHUE YIpaBIfAnLei
CHCTEMH,

ax y®e oTMeyanoch, OOBEKT YNPABJIECHUA ABJIAETCA OGONBmON CUC-
TeMmoit. B 2T0fl cucTeMe uMeeTCs OTPOMHOE KOJIUUECTBO CBA3eit. STO
CO3ZaeT OnpeZeseHHHe TLY ZHOCTY B YNDPABICHMM.

HazoseM 00beMOM ynpaBIeHMA 32 BPEMA A T UMCHO YNpPaBASOUUAX
UMITYIBCOB, HAXOUAWUXCA B OOBEKTE YNPaBICHUA U TPeCyLIUX yHpas-
ngpUUX BO3ZeitcTBuil. Ponpmas cUCTEeMa HA3HBAETCH TEHZEHIUANBHOI,
€CclM 3ana3ZHBAHUE YNpaBiAnwLero BO3ZEHCTBUA O OTHOWEHUDO K CO-
OTBETCTBYLUEMY MMIYIBCY pacTeT BMECTE C POCTOM OO0BEMA
yupaBleHus.

S3aMeTuM, YTO 3aNa3AHBAHUE YIPABAANLETO BO3ZAEHCTBUA XapaKTEp-
HO ZNf BCeX AMHAMMUYECKUX cucTeM. OCOGEHHOCTDH TEeHJIeHIVAaJNBHOl
CUCTEMH COCTOMT B DOCTE 3aNa3ZHBAHMA NpHU YyBEAUYEHUU uuCla
UMIIYIBCOB NMOZAHHHX B CUCTEMY.

Jerko moHATH, UTO NpPU YHIPaBIEHUM TEHZCHUUANBHOH CUCTEMO
MMeeTcsl OMacHOCTh, UYTO yNpaBAANLEE BO3AGHCTEBUE CyLeT OCyLEecT-
BJIEHO yxe TOrfa, KOI'Za BXOAH KOPEHHHM 00pasoM U3MEHUIUCE MO
CPaBHEHUN C UX COCTOfIHUEM NpU MOZaue YIPaBIADWUUX KUIYIHCOB,
T.E. MPOM3OIiZET paccoOrNaCcOBaHUE BXOZOB §I BHXOJOB.

pr uamom oOnemMe ynpaBaeHus, Hanpuxep, NpM HAXOXACHUH B
0CBEKTE OZHOTO YNpaBIANNLETO MMIYJNbCA YHOpaBiIfAblee BO3ZeiicTBRUC
HaCTynaeT ZA0CTATOYHO CGHCTPO. :

IpuueHNTENBHO K TPAHCMOPTHON CUCTENE BTO 03HAYAET CJCAYLLEE
fenm nozZaThs B OOBEKT GOABIIOE UMUCHO MMIYNBCOB,T.E. MOTPEUOBATDH
OONBWOTO YKUCNA M3MEHEHU# B KOJMUECTBE peiicoB U CHUCKE aBuaiu-
Ui, TO 3T0 CyZeT O3HauUaTh TPeCOBAHMUE NEPECTPOLKYU pacCluCaHudA
iCCaX¥NPCKOT0 ABUXEHNA, PAOOTH a3POZPOMHEHX CJIyx6 X mepepacipe-

fi MaTepUaNbHHX CPEACTB. Bpeusd, MOTPeCHOE Ajif OCYLECTBJIE-
HY YUDABNADNUX BO3ZeficTsuit GyZeT BesuKOo. ZCIM e MOZATh
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‘OZUH MMIOYJABC, HaNpuuMep, MOTPeGOBaThH BBOZA ZOMOJHUTEIBHOTO

peitica Ha nuHMn MOCKBA-JEHUHT'PAZ, TO 3TO MOXET GHTH OCYyNMECTBIE—

HO B TEUeHNEe HECKONBKMX YacOB.

YxaxeM Teneps OCOCEHHOCTH YNpaBleHMA TEHAEHIMANBHOH CHCTe-
Moii:

I. HeoOxozZuMOCT® NMEPCIEeKTUBHOIO MIAHUPOBAHUA. YUNTHBASA HaJIMyue
3ala3ZiHBaHUA YNPaBAALMUX BO3ZeiCTBMIl, ANA YCIEWHOCTH YIpaB-
JeHNs, HEOOXOZMMO NPOTHO3MPOBATH TPAEKTOPMD IBUKCHUA CUCTE-
MH ¥ 3apaHee YKasHBaTh ZNCKDPETHHE MOMEHTH BpEMEHH ynpaBis-
pmEX Bo3zeilcTeuii. [lepCHeKTUBHKNI NIaH NpeAcTaBiafeT COOOil
HaGOp yOPaBIANLUX MMIYIBCOB C GONBUMM UOBEMOM YIIpaBIEHUS,
KOTOpH/i 3apaHee BBOANTCH B OGBEKT YNPABICHUR C yYETOM

. 3aNasZNBAHUA €I'0 PEaKIuH. :

2. Texymee ympaBieHne AONXHO OHTH MadHM MO ,00BeMy. Texyuee
ynpaBieHue UMEeT NEelbl MCIpaBIeHus PaccornacoBaHms BXOZOB
U BHXOZOB IpM HENpPEeABUZEHHHX (B MPOTHO3€) H3MEHEHUAX
BXOZ0B. [IOCKONBKY peakmuf CHUCTEMH Ha Texylee YIpaBleHHe
ZONxHa OHTH OHCTpO{fi, TO 3TO yNnpaBi€HUE ZLOJNXHO OHTH MAJHM
n0 0GBEMY.

3, [Ipn HecTanMOHApHOM CJAyvYailHOM mpoLecce W3MEHEHUA BXOZOB
(uueeTcs BBUAY CIydyaiiHaf COCTABAANNAR) MAKCUMYM (MUHMMYM)
QyHKOUOHANA HeZOCTMXUM. Jnf ZOCTHXEHUA MaKcuMyMa (MUHMMYMA)
(QYHKIMOHANA, MpM HANWYMN 3aNa3ZHBAHUA YIPABIALLUX BO3zeitcT—
BU#t, HEOOXOZUMO OOCECHEeUNTH aCCOANTHO TOYHOE NpeZLBUZEHHUE
N3MEeHEHNA BXOZOB. /IpM HeCTanMOHAPHOM M3MEHEHMM BXOZOB TaKOE
NpeZBUZieHNe HEeBO3MOXHO.

B COOTBETCTBUM C M3IOKSHHHMM OCOOEHHOCTSAMM CTDOMTCH CHCTEMA
YyIpPaBIEHNs TEHZeHUMANBHEM OOBEKTOM. OTAa CHCTEMA BKINYAET B Ce0d
cnezybune ONOKH :

I. Bnok nmporHosa BX070B (IpPOrHO3a CIpOCa Ha aBMAIMOHHHE Iepe-
BO3KH) .

2. Piok pacueTa MuaHa ZBUEEHMS (YNpexzanpmero Hadopa ynpaBAfbIUX
UMIYABCOB) C YUETOM CBA3M MEXZY UYUCJIOM peiicoB ¥ CIPOCOM Ha
NEepPeBO3KN .

3, BnOK BHZENEHMS JIOKANBHO} fAUeliKyM TEeKyLero ynpaBleHUA ¥ pac—
YyeTa UMIYABCOB TEKYWETO yIpaBiIEHUA.
damMeTuM, 4YTO HauKM HE pacCMaTpuBawTCcs OLOKM, KOTOpHE oGecne-

UMBANT peanusailup MMIYJIBCOB B YNpaBlfniee BO3ZEiCTBHE. STO CBA-

38HO C TewM, YTO Takue OJOKK "NpKUBOZOB" HE HOCHAT aBTOMATUUYECKOTO
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xapakTepa ¥ "NmpuBOZ" OCYWLECTBAAETCH [NOCPEACTBOM WUCIMOIHUTENEH
- npneit. [lepeuncieHHHe %e BHme GNOKM YNPaBNEHNA ABIANTCH
aneprOHkuun W ocyliecTBAAKNTCH aproMaTudyecku B3 SBM. Cxema yn-
paBleHud O00BEKTOM, 0€3 yuerTa OJOKOB-"NpmBOZOB", M300paxeHa
H3 DHUC.2e

Huxe Raxnuuii U3 ONOKOB yNpaBieHus OyZeT onucaH Coxee
110ZPOOHO .

' DP1oK NporsHosa BXOZO0B

Karx moxkasaHO Ha pUC.2, NMPOTHO3 BXOZOB OCHOBAH Ha IpEAUCTO-
DUy ZBUREHUS CHCTeMH. TeM caMuM peudb HZeT 00 3KCTpanoiAanuu
NOBEZEeHNA BXOLOB Ha OyAyilee BpeMf. OKCTpaNOJdALUA HOCUT OCHO-
GaHHHI XapakTep, €CIW Mpolecc M3MEeHEeHM: BXOLO0B ABIAETCH
NpOLECCOM C CUIBHHM NOCNeZeliCTBUEM.

BXOZy BHCTYNAWT KaK CHyYaliHHI CIpPOC HA aBUANEPEBO3KU MEELY
TOpoZaMu. 37ZEeCh COZEDXMTCHA TUNOBAA CUTYyalus CHpOCa-NpeniNOEEeHus,
UMCHUASA MECTO NpU JAKNOOM BUZE TOPIOBNU.

JO0BONBHO CONBWOE pacOpOCTpPaHEHME UMEeT OHMOKA, KOT'Za BXOZ
u3yyaeTcs M30AMPOBAHHO, 03 yueTa ero CBA3U C BHXOZOM . [Ipu
3TOM ZJIf NPOTHO3UPOBAHNWS BXOZOB WCHOJNB3YWTCA MpOCTeiimme SKCTpa-
MONANNOHHHE HOPMYNH (IONWHOMH ¥ T.Z.), 6€3 MOCTPOEHNA MATEMATH-
Jecx0il MOZenu crnpoca-npeznoxenns. Oum6OYHOCTEH 3TOTO MOAXOAA
COCTONT B HEMOHUMAHWU, YTO TOYKM WU3MEHEHUR NMPEZANOEEHNs 00pasynT
I [IPOLECCE U3MECHEHWA BXOZOB (CIpOca) BJIOREHHYD Lend Hapkosa u
3THMM HapywaT nocnezeiicrsue. Kax Mmokasanu npsMHE PacueTH,UCHONE
30BaHNE SKCTPaNONALUOHHHX GOPMYN NPUBOANT NPH NPOTHO3UPOBAEUE
CIpOCa Ha aBHANEPEBO3KM K OUMOKaM, MHOTAa cocramiswmum 1000 %
0T NCKOMOTO UMCIa.

Taxum oCpa3oM, Zifl SKCTPAMONALMM BXOZOB HYXHA MATEMATHYEC—
Kaf MOAeNb, YUMTHBAMUAA CBA3D MEXEAY BXOZOM U BHXOZOM. lOBOIBHO
XapPeKTepHO, YTO peyb KAET O METEeMATUUECKOM ONNCAHUM JesATeNBHOC—
T YENOBEXKa, KaK CYObEeKTa MEepPeBO30K. HeT HYyXAH TOBOPUTH, UTO HA
ZEATENPHOCTE YENOBEKa OK23WBANT BJIWAHNME OTPOMHCE YWCIO (AKTOPOB.
0 BCE XK€ CpeAM HUX MOXHO yKa3aTh ACHMMHUDYDWNE, & BIUSHNE
OCTaNBHEX yUEeCTh NMyTeM [PEACTABICHUA AEATEILHOCTY UYEJN0BEKa B
BUAE cayyaliHuX coCuTuii. [Ipm BnCOpPE Buja TPAHCNIODTA U BUCOpE
DEUCHMA O COBEDUWEHUM MOE3ZKYM ZOMWHUDYDUMMZ JOKTODAMYA ALAANTCA
PecypcH ZeHeT W BPEMEHW ZAHHOI'O Maccaxmpa, CTOMMOCTE U EoMDOpT,
NpEsoCTaBiASMHl TeM WIN WHHM BUZOM TpaHCIOpTa. 07 KOuGOPT Ol
DHVMAGTCH BPEMA HAXOXLCHUA B NYTH, YaCTOTA XYPCHPOBAHHUF - <mHe




35

yaoocTBa. YacroTa KypCMPOBAHMR (UMCHO MEHLY TOpojeME A, b
peiicoB), Kak BUZHO M3 DUCYHKA 2, €CTH BHXOZ OCGBEKTa YNpaBieHif.
Taxus o6pazouM o6pasyeTcs OPraKMuecKas CBA3H MEXAY BXOZLOM U
BHXOZOM. 33aMEeTHM, YTO C DOCTOM YaCTOTH KYPCUDPOBaHUA yBEIUUNBa-
€TCs KOMPOPTaGeNBHOCTH MEPEeBO30K, T.K. MACCAXEUDPY JETKO
NoZoOpaTh YyZAOOHOE ZJf HEr'0 BPEMA OTNpaBACHUA (NpUCHTURA).
[TosroMy poOCT ZO HEKOTOPOro npezena 4uclio peiicos CHOCOGCTBYET
NIOBHIMEHND CIPOCa HA MEPEeBO3KU, :

3aziaua NMOCTPOEHNs MOZENN COCTOUT B YKA3aHUM BEDPOSTHOCTH
TOT'0,YTO NMOTEHOWANBHHA Maccaxup BOCMHONB3YETCH ABUALVOHHLM
TPAHCIOPTOM.

He ocTanasnmBasch Ha MOZPOGHOCTAX, YKAaXeM, YTO €CJIY TpPaHC-
NOPTHaA CBA3D MEXLYy I'OpoZaMu OOCECHEeUMBAETCH TONBKO HeJe3HOi
Joporofi u apuanueit, TO B NPEANONOKECHMM JOIapPUPMUYECKU~HOPMAb~
HOTO paclpeZelneHus AEHEXHHX DeCcypcOB MAacCaxUpOB (3TOT BUZ
pacnpezeNeHns MOJy4YUN NOATBEpPEZEHUE NpK CTATUCTHYECKOM OCCle-
ZOBAHWM ZOXOZO0B HAceNeHUd CONUANMCTUYECKUX CTPaH UMENT MECTO
creznyoumne GOPMyJH @

BepoATHOCTH TOr'0, YTO NOTEHIUANBHHI NAcCaxup COrNacuTCs
COBEpPWHUTH NOE3IKY

= 1-(1-9) P(BF"), 572 min (8 57

(1)
Ecau npu atou &% >8™ , TO BEPOATHOCTH TOI'0, YTO macca-
KMD BOCHONB3YETCH ABUALMOHHHM TDAHCIOPTOM €CTH
' €n8°
. -9e("5) st i
i A(I D exp (- 75 (2T™-1T ))
- (1-9)P(252)
(2)
g 8%« 8™ , TO
8™ m
. -9 x : :
P= ( ) (C :c )'ki(ka P(—%(d'l”“—f))
1—(1-q,)CP(-5'6'm)
(3)
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amecs S™, 8° k™ k° t™ 1° - CTOMMOCTH OMJIETOB, YHMCAE
7083708 (peiicoB) B HeAell, BpeMEHA NePEeABUXCHUR MO XeNe3HOi
7OpOTe ¥ B ABMALMA

4.m.6, & - HEKOTOPHE KOHCTaHTH
z2

1 J 2
P(z)=-== |exp ——)dzA
)= [erp (3
-0
JCuee uUCIO MACCAXNPOB, KEJNaWUUX BCUIOAH30BATHCA ABHALNOHHHM
TD3HCNOPTOM B OTPe30K BpeMeHy ( t t+T° ), HNpeACTaBUTCA Kak

N(tt+)=N(t,t+T)-P" P
: (4)
rae A(t t+T) ofmee uMCIO MOTEHUMANBHHX MACCaXKUPOB, MERZLY
ropozauu A u B. 3mauvenme N (t,t+r) Kak m KOHCTaHTH, BXO-
zauue 3 fopuyns (I) - (3) momyuamprcH MyTeM CTATUCTUUECKOI
0GpaCOTKM NpEAUCTODUK. 3aMcTUM, YTO NPAKTUYECKH peyb UZET 00
OnpezeNeHUn BemmuuHE A ° 3a aBIYCT MECAN KAKIOTO TO7d.

C nouomsn GopMyiH (4) pacCHWTHBANTCA He NMapaMeTpH Nponecca
W3MEHEHUA BXOZOB, A CNy4YdnHad BeXUUMHA - CYMMapHHA aBUALVOHHHI
IOTOK 3& aBIYCT uecAu. Ing pacucta mpolnecca U3MEHEHUS BXOZOB
HEOOXOZMMO HA OCHOBE MCTOpDHUM ZBUXEHNA OCHEKTA YCTAHOBUTE CHUCTE-
MaTUUYECKYD COCTABJIANUYD M3MEHEHUA BXOZOB. K Taxoil cocramiswmeii
OTHOCATCHA CE30HHHE KOJeOaHMs HOTOKOB U POCT HOTOKa BOIM3U
npa3ZHNYEHX ZHell. [pomecc aHanuWsa CHUCTEMaTUUYECKOH COCTaBiADUEl
I3MEeHEHUE BXOZOB ABIAETCHA BECBMA CJOKHHM, MHOTODAKTOPHHM aHa-—
AU3OM ¥ 3746Ch, ECTECTBEHHO, NOAPOGHO HE DAaCCMATDPEBACTCH.
3aueTuM TONBKO, YTO KAKOBO OH HM OHJIO K&YECTBO NPOTHO3@
U3MEHEHUS BXOZOB, OHO HE MOKET YUYECTh HEOXUZAHHOE U3MEHEHUE
006CTAHOBKM. B KaueCcTBE ADKOrO IpMMEpa, yKaxeM HA BIUSHUE
aeunerpsacedns B TamkeHTe HA POCT UYUCHA MEPEBE3EHHHX NaCCAEUDOB.

B #OHEYHOM CYeTe, IPOTHO3 BXOZOB AAeT OOlee OmucaHue ux
v3ueHeHNsa (NPUMCHNTENBHO K NMEepeBO3KaM Mexzy mapoit ropozos A - B
3 BUZe

~—

Y(t)=G(t)p(t) + C(t) (5)

rze G(t) C(t) - zerepumEmpoBaHHHE JYHKUUK, 33BUCALME OT
BHXOZOB, a p(t) - CTaUNMOHADHHI CHyualiHuwil mpouecc
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[1yaCCOHOBCKOrC THUNA.

PacyeTn NMpOrHO3a BXOZOE BechMa I'POMO3ZKM. JIOCTATOYHO yHa-
3aTh, 4YTO ZJF WU3YYEHUA NPEZUCTOPUV IBMEECHUS 00BEKTa B SBM
pozurcs 450 OO0 mepBuYHEX Z@HHNWX. B peaynbraTe pacyeTa BHBO-
murca nopsazxka I0 COC zamHnx. CKasasHOe 03H3YaeT, UTO NPOTHO3
JONXEH OCYULECTBIATHCA HA CPABHUTENBHO ZAJEKYH NEPCHEKTHBY. B
HacTOsllee BPEMA NOPOTHO3 ZEJNaeTCH 3a TOZ ZLO BBOZA MNAHE B
ZeiicTBUE.

Buox pacyeTa mepcHEKTUBHOIO NIuaHa

B nenom nponecc uM3MEHEHUS BXOZOB, 38ZaHHHH GOpMyJIOi (5),
ABIAETCHA HeCTauWOHapHEM. OZHAKO MMENTCA CPAaBHUTEJBHO IJIUTEIb-
HHe oTpe3ku Bpemenu, korza G(t)=const , C(t)=const | 1.,
VMEDTCH YUYaCTKU CTalMOHaPHOTO CHpoca. ECTECTBEHHO, UTO MOMGHTH
HapymeHWs CTaLUWOHAPHOCTX CIPOCa ABIAANTCH MOMEHTAaMM, KOT'Za
TpeCyeTca YNpPaBIfANLEE BO3ZEHCTBUEC.

PacueT NMepCHEKTUBHOTO NASHA COCTOMT U3 CIEAYDLUX BTANOB :

a) pa3OueHMEe NEepuUoZa YIpaBIeHWs Ha YUaCTKU CTALUOHAD-
HOTO cmpoca ;

6) pacueT NOTpeCHHX ABMANMHUE ZJA yyacTKa HaMOOMBUOI'C
CTanUOHapHOr'o cmpoca ;

B) pacueT MOTPeCHOTO uucia peificoB ZANA KAXAOTO yUaCTKa
CTanMOHAPHOTO cmpoca. [Ipw 3TOM yUMTHEBEAETCH CBA3D
BXOZOB ¥ BHXOZOB.

PaccMoTpMM yKas3aHHHE 3TaNlH HECKONBKO HozpofHee. Pasbuenue Ha
yYACTKYM CTaLUOHApPHOI'O CHpOca OCYWECTBAAETCHA H8 OCHOBE WM3YUEHNUSA
NPEeZUCTOpUM ZBUREHUS OOBEKTa, NPA 3TOM Ha CIEAYLIUi TOjZ LEIUKOM
NEPEHOCATCH BaKOHOMEPHOCTM NPEZHAYLETO I'0Za.

OGHUHO YYaCTOK HauGONBLETr0 CTANMOHaPHOI'O CHPOCA NPUXOZUTCS
Ha aBrycT MecqAn. [nA 3TOT0 Mecaua MPOM3BOAUTCA pacyeT aBUalNMHI
JUUTHBAA TEHAEHIMANBHOCTH CHCTEMH M ZONYCTMMOCTH CPOKa 3ame3-
ZHBaHUA YIpPaBAALUMX BO3ZEUCTBUE O OTHOWEHMD K NIAHYy He OOIee,
uyeM 32 ToZ (peub IZET O NNaHE KPaTKOCPOYHO} MEPCNEKTUEH) B
OCHOBY pacueTa BKISZHWBAETCH CIUCOX INHUM, AEHCTBOBABUYX B
npezuzyuuii roz. Ha OCHOBe CHeuNanbHNX QATOPUTMOB IDOU3BOAUTCSH
NONCKX HOBHX 8BUANNHMII, 1O mapau I'OpPOZOB, KOTOPHE paHee HE uMEelu
aBUaLMOHHON npsaMoffi cBE3KU. CHOMIAHOBAHHH TarkuM ocpaaom CHUCOK
aBuanuHKil 6epeTcs 32 OCHOBY ZalbHellllero pacueTa.

3aTeM MpOU3EBOZUTCSH pacqu HEOOXOZUMOTO YUCAE OZHOHMEHHHX
pelicoB. B OCHOBYy pacyeTa KIcAeTCR TPEOOBAHUE NEPSBCBKU BCE
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TIaCCaXNPOB, XEAalUUX OcyweCTBUTH NepeleT. [IpM yKasaHHOM pacue-
TE UMEeTes 00paTHas CBA3B CO BXOZSMU X CO CHUCKOM 8BUANUHUI.
CBA3bp CO BXOZEMM OCHOBAHA HA WCIOJAB30BAHMM Ipolecca MOCIezo-
BATEJBHNX WUTEppauuil pacueTa. OTU UTeppanyud y4yuTHBaNT, UYTO
DYHKUMA CHpoca fBIAETCA BHIYKIOH MO OTHOWEHHW K UUCIY peicoB.
Ha KaxzoM mare WTEppanyy UCMONB3YETCA MOZENb JUHEHHOT'O MporpaM=—
MUDOBAHNA TUNE @

a) orpaHuvenus 2 Z;»8; f=12,..m;

iGwJ’
Z; 59 5 be L s

n
0) QyHKLUMOHAN MUHUMyMa CeCeCTOMMOCTM I€pEBO3OK HZ‘ Gz,
3Lech Z; =- BCHNOMOraTElbHHE HEU3BECTHHE, TAaK HA3HBAEMHE BApUAH-
TH 3arpy3KM aBManMHUA, W; - MHORECTBO BCEX BAPUAHTOB 3arpys3Ku,
oCcnyMBabIMX | =TyK Mapy rOPOZOB.

PemeHMe AuHElHON 3azauM ZaeT BO3MOXHOCTH YKa3aHUA UKCIA
He00X0Z¥MEX peitcoB. Jlantee ocyuwecTBASETCA BO3BpPAT K QopuynaM
nporxosa (2), (3), (4) u BHOBB pacyeT uucia HeOOXOAUMHX peiicos
¥ T.Z. [dponecc ureppanuit GHCTPO CXOZUTCA U NMPAKTUUECKM Z0CTa-
TOYHO ZBYX UTeppauuil.

TonyyeHHoe peueHWe amausupyercsa B OBU zna yTouHeHMs cnucka
apuanuHuit. C aroit nenp, N0 KAXAOW aBMANMHUM MDOACUUTHBAETCH
YUCNO IEePEeBE3CHHUX MMYCTHX Kpecesl M MpOU3BOAUTCH yTOUHEHUE COC-
T2Ba TPOMEXYyTOYHHX [10CAZOK ¥ HA3HAUEHUWE HOBHX aBuUaiuHuii. B KO-
HeudoM cyeTe oOecneynBaeTcdA, YTOOH Ha KAXZOM YyYacCTKE aBUAJINHUL
NpCUEHT KCNOXB30BAHWUA Kpecenl cocTapial mopazxa 80 %.

Iccne yTouHeHNWsA cCOCTaBa ADHAAMHUI BHOBD MPOU3BOZUTCH NpPOLECC
pacyera uuclia DPeiiCOB C UTEppaLUfiMU.

Crezyvouuit 3Tan BHUMCIEHUA MJIAHA CBA3AH C YUYETOM HANWUHOI'O
napxa caMoneToB. A MMEHHO, N0 MOZCUMTAHHOMY IJIQHY ONpeZesifAeTcs
1CTpeCHOE YMCJIO CaMOJIETOB BCEX TUMOB. STM BEAWUUWHN CPaBHUBAKTCH
C pacmojlaTaeMuMu. 3aTeM MEeTOZOM BHPABHMBARMNX K02 (UINEHTOB
NpOU3BONUTCH yTOUHEHME 1naHa, 0pd KOTOpOM MO LEpe HeOUXOAUMOCTH
JMCHBUAETCA UMCNO pelicoB u pefiCH nepepacnpezenfnTes HeRAy
TUAMY CaMCJIEeTOB. BupaBuuBanmue KO3(CQULUAEHTH yUUTHBAKT, YTO IIpU
YUEHBUEHUM YUCIIA DelicOB,B NEPBYHN OYepezdb HeOOCXO0AMMO OCECHEUUTE

CTSEKY JANBHMX MaCCaXUPOB U MACCazUpoB, I'Je HET KeNe3HOAOpON-
oro TpaHcmnopra.Olmas cxewma pacueTa MJIaHa ITDWBOZUTCH HA DPHC.3.
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Bnox BHZENCHNA AUCHKY TEKYIEro YLDSBICHUS N
pacugTa MMIYJILCOE

Hax yme oTMeuanoch, HEOOXOZMMOCTH B TEKyUEM YNDaBIEERM
BOBHUKSET NIDY HENPOTHO3MPOBAHHOM U3MEHEHMN BXOLO0B. 3aMEeTHM, uTO
NOTPEeGHOCTS B TEKymeM YNPaBIEEMM CYLECTBEHHO 38BUCHT OT HKayecT-
Ba NPOTHO3a MOBEJEHUA BXOZOB ¥ KaueCcTBa pa3paCOTKM NEPCHEKTUB—
HOTO NJaHa.

[Ipzn HeOONBUMX OTAMYMAX HOBELEHUA BXOZOB OT MPOTHO3UPOBEH=
HOT'O MMEeeTCs HEKOTODHii peseps NJaHa, KOTOPWi MO3BOJNAET HE NDK-
eraTh K TeKymeMy ynpasieHub. TaxkyuM pesepBOM ABIAETCH NJIAHUDPY-
eMuii roaddunueHT samonHeHus Kpecen (80 %). Oéennnno,qmo NOBH-
IeHNEe CHpoca Ha NMEpeBO3KU IO OTHOLEHUN K 3allIaHUPOBRHHOMY Iaxe
npu I0 % He TpeGyeT yBENMUECHKA UUCHIE PEUCOB.

[Ipn Gonpmmx OTIMUMAX NMOBEZEHUR BXO0AO0B (I5 % ¥ Buue) NMpuxo-
ZUTCA NMpUGETraTh K TeKymeMmy ynpaBieHun., COOTBETCTBEHHO BCTaeT
BONpOC 00 HEOOXOZMMOM OODBEME YNPABIECHMUSA. ;

O6muiz rpad apvanUOHHHX CBfA3ell BechMa BeluK. [IpU pacyere
TEKYLEro yIpaBieHus Haj0 BHAEINUTH nozrpad cBsseil, BHYTPU KOTO-
POro HpOM3BOZWTCSH MepepacyeT YUcia NMOTPECHHX pEiiCOB ¥ M3MEHEHME
CcOCTaBa aBUAIUHUIL. ,

O6Go3gauny yepes \_h o NaCCaxupcEuil asManoToK WEEZY TOpoze-
wn A RL OGo3HauuM uyepes y. M NaCCaEUPCKNiil MOTOK,

it

12 l
nepero3nuMbil 0 TuHUM C HoMepom kT mesmy ropogamm A | A;,

ABuanvHuu c HoMepawmu K,,. K, Ha3HBAWTCA CBA3AHHHMM IO NMOTOKY
(ji vj?) ecan

(k) _ (k)
Jrfa c Y—J."-/l ’ HJ"jz >0 B 1‘2"" t.
(k:)

To aBuanuumu, AAA KOTOPHX Y, .~ = 0 ABISNTCA HA YYAaCTKE
( jy.J, ) WBONHDOBAHHHMH.

lonmycTuM, uTO NMOTOK Y j, j, CylLieCTBEHHO KBMEHMJICH MO OTHOLE-
HUD K CHpPOTHO3MpOBaHHOMY. TOrZa M3BIEKAETCH wueﬂxa TexyLero
yNpaBIeHUs COCTORNES U3 &EPKANMHMIE, Z7H KOTODHX g >0 u

CBA3aHHHNX C HHUMU MO MOTOKEM aBmaiuHmil, Kar [0Ka3HBAKT pacueTH,
00BeM sUeiiKW TeKymero yipaBlieHWHA, ANf NPaBUIBHO BHIONHEHHOI'O
NEepCNeKTUBHOr0 MIaHA HEeBeNMK M COCTaBIRET O0CWYHO, HE Colee
NATY aDManuHUM. _

E npezenax sgueilky TEKYNEro YNPaBIEHUE NDPOU3BOZUTCH BECh pac-
YET, KOTOpHI y®e OHJl M3JIOKEH NpH ONNCaHuM (JioKa pacyera lepernex-—
TUBHOTO NAaHa&. [IpuMep AueliKM TEeHEZEeHONaJNbHOT'O YNPaBICHNURA
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nnaHa ABuxeHUMA 1968 roza NpUBOAWTCA Ha puc.4. OOpeM. pacueTa
Avefiky MaX ¥ TpeGyeT MaJoro Bpemern (He Gonee uyaca). OOBeM
yUpaBliceHUs CPABHUTENBHO HE BeNMK., OOHYHO OH HE NPEBHEIAET
TpEX — MATH UMIYIBCOB.

3aKanUeHUE

M3n0oxeHHas cucTeMa yNpPABIECHUA WUCIOIB3YyETCH B NpAKTUKE
Aapodnora ¢ I97 roza. OnmHT NMOKa3HBAET, YTO MHOI'ME YaCTH
3TO#f CUCTEMH HYXKZANTCA B ZalbHelimeM pa3BUTMM. OTO KacaeTcs
KaK OJIOKa NpPOrHO3a, TaK ¥ GJOKa pacyeTa NEepPCNeKTUBHOTO NiaHa
0zHaKo, caMy NPUHIUIN YIDPaBiAeHUA ceOf MOJAHOCTHO ONpaBZali.
STH NPUHIMON BHZMMO HOPUTOZHH M ZJNA APYTHX TEHZSHUUANBHHX
CHCTEM, CB3aHHHX CO CIDOCOM - MDEAJNOXEHUEM.
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ABTODH:

- ATABETOB JleoHuz JiMUTpUEEBUY, BeAyuuil MHEeHep HayuHo-
BHUMCNUTENIBHOrO leHTpa I'pazmaHcKol
aBuanuu.

Azpec: r.Pura-19, yun.louonocosa, I,ilayuso-

BHUMCANTENBHE ueHTp TA,

KOPZIOHCKU}I Xaum BopucoBMY, AOKTOP TEXHUYECKUX HAYK,
npojeccop, cTapuuni Hay UHKii COT py ZHUEK
HBU TA.

JVHIC Banzemap Kapmosuy, PYKOBOAWTENH TI'DYMNNH MaTeMaTH-
Kop-nporpauMucTos HBI TA.

[TAPAMOHOB ¥puii MmxainoBU4Y, KaHAKZAT TEXHUUYECKUX HAYK,
HaualnbpHUK oTZena HBI TA.

®POJIOB Op PomanoBmu, Beayuumit urmeHep HBL TA.
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THE APPLICATION OF AN OPTIMISATION METHOD
TO THE TRANSITION PROBLEM IN HELICOPTERS

D.F. Maines, Ph.D., B.Sc.(Eng.)
Westland Helicopters Limited,

Yeovil, Somerset, England.

Introduction

In a recent paper Rynask:l.1 has applied the optimisation method of
Xalman and Engla.t-2 to the problem of helicopter short range station
keeping. It was considered that this method might be applied to another
helicopter mode of operation - transitions. This mode is used in certain
types of military helicopters where the aircraft is required to descend,
hover and then ascend again several times during a mission. To reduce
pilot work-}oad the transition becomes an autopilot function and the
pilot merely presses a button to initiate the transition down or tran-
sition up. This paper describes an investigation made to find a method
that eases the task of finding suitable control laws for this particular
mode of flight. The results could give the design engineer an appreciation
of the characteristics, as a function of speed, of a helicopter with a new
airframe.
The transition problem

The "transition down" term infers that a helicopter flying at cruise
speed and an intermediate height is required to reduce speed and lose
height at the same time, until the aircraft is hovering at some height,
usually less than 50 ft. Conversely "transition up" means flying from the
hover condition back to cruise speed while climbing. To achieve
operational efficiency it is obviously necessary that a transition is
performed in the minimum time subject to constraints of blade pitch angles
allowable and aircraft attitude excursions. However the pilot will also
want to know when he presses the transition-down button where the aircraft
will eventually come to the hover. It is therefore advantageous that the
aircraft rate of deceleration and rate of descent be constant during the
manoeuvre. The problem therefore becomes one of controlling two variables
e.g. forward deceleration and vertical speed with limits placed on the
amount of control which may be used and the pitch attitude excursion of
the aircraft.

A brief account of the dynamics ~f the helicopter are perhaps pert-

inent at this point so that the vehicle to be controlled may be appreciated.

The helicopter is a tightly-coupled dynamic system. Compared with
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fixed wing aircraft it is not possible to talk about the short period and
phugoid mode. In dealing with the longitudinal-vertical three degree-of=-
freedom model, which is used in this paper, we must consider all the terms
and not make any approximations. The stability characteristics are such
that the speed change degree of freedom is usually stable but a change in
pitch attitude can produce an unstable divergent oscillation.

In addition to the above complications the helicopter has four
channels of control. These are collective pitch, fore/aft and lateral
cyclic pitch, and tail rotor pitch. There are couplings between some of
these channels e.g. collective and tail rotor, which mean that a change in
a control will produce modes of motion not at first sight associated with
that channel., All these facts then make the system designers problem more
complex and use of modern control theory helps to ease the problem of
finding suitable control laws.

Theory
Only an outline of the theory of optimisation used in this invest-

igation will be required since many papers2 have been written previously
' concerning the method.

The linearised equations of motion of the helicopter may be written
as a set of first order differential equations in matrix form

¥ = Fx +Gu ...........-..........(1)
y = Hx ; Sreth s aneae)
Where x - the vector of state variasbles describing “the
helicopter metion
u - the control vector
y - the vector of cutputs which are to be minimised
F - the matrix of coefficients of the equations
of motions describing the coupling among the
state variables
G - the matrix of coefficients describing the
effect of contral inputs on the equations
of motion
A quadratic performance index may be written:
oV = J"o(y'Qy«ru'R u) dt A e sl )
©

where Q - positive definite matrix whose elements weight
contributions of each output in the index

R - positive definite matrix whose elements weight
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the oontributions of each control motion in the index.

Using the calculus of variations the Euler-Lagrange partial
differential equations of motion must be satisfied.
3 -4 (W -0 d-g(3yeo W
bx dt )* éu dt B\.*' LR R
Where
L=3%(y'w+u'R) «+ N (=% + Fx + Gu) BBl

and N\ is the adjoint state vectar
Combining the equations we obtain

¥-Fx+Gu=0 R R T S R T

Bu +G'N =0 AR OIS AT,
J H'QHx + N+ F/' N\ TN s R SOt R R e e e 1))
Therefere the eptimal control law is

u_ =R 6’ N s SISy s SIS
By substituting A= Px, N = Px equations (6), (7)
and (8) can be reduced to the matrix Riccati equation

0=PFP+F' PP 6 PsB G wiesocsiessif10)
The gains for the control laws are determined by finding
the positive definite symmetric solution to this equation
and substituting P into (9) to give

u -2 OGP AR 5

Application to the transition problem
When a control system is designed that is required to control
aircraf't height designers have usually only considered achieving
this control by applying collective pitch to the rotor blades. :
Similarly a speed control system would use cyclic pitch as its
control. This convention is reasonable when the aircraft is
flying at cruise speed in level flight but during a transition
manceuvre there is such interaction between the two chamels
aerodynamically that it is unlikely that any design produced
by the above method will give optimum results. To illustrate
this point control laws will be fourd with the performance
indexes: e ” 5

2V = g (qu+rg A B, ) at

° 1
v, = g«h(qu2 + reo Ae’; ) at

(o]

i
s ok s isnang o 12)
5
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and
2v, - go fi= #3088 5] +naedfu o gg-_ﬂae...(u)

o Te
The indexes given by (12) give two laws, one for .cyclic pitch
blade angle, the other for collective pitch blade angle, without any
consideration being made for coupling between the channels. The control
law given by (13) weights both output variables and the two contral
variables to give control laws which are geared together to produce the
optimal responses. .

Sepirated Channel Contrel Laws

The performance index used here was that of equation (12) with a
range of and values. Further since a control law is
Sy/ry, ™ W/rg

required over a speed range where the aircraft characteristics are
changing, laws were derived at hover, 30, 60 and 100 knots true airspeed.
Solutions to the Riccati equation and subsequent transient responses were
computed on an I.B.M. 360/L40 machine with programmes written as suggested
by Kalman, Englar and Bucyz.

The linearised equations of motion are written with respect to
a frame of reference fixed in the aircraft thus it is necessary to trans-
form these to derive control laws whose signals are obtained from con-
ventional forward speed and vertical speed sensors. All the laws given
will be with respect to an earth-orientated frame of reference. The
figures used are those for the SH.3D helicopter which is a heavy military
machine currently being developed at Westland Helicopters, although the
original airframe design is from Sikorsky of the U.S.A.

For the separate channel case two laws are obtained:
AB1 = kuU + k;w + kr.e+ kPQ
A®_ =Yl + 17+ 3 ré + qu
Where the k's and {'s are the derived coefficients.
Table 1 gives the fore/aft cyclic chammel control laws for qu/r131

equal to 1, .5, .25, .1 and .O4 at HOVER, 30, 60 and 100 knots true air
speed. Table 2 gives the equivalent figures for the collective channel.

For the control of forward speed it is evident from Table 1 that
the signal from the vertical speed sensor has a very minor effect and
could quite possibly be amitted. However, the pitch angle and pitch.
rate terms are quite large. This is not surprising since the normal

automatic stabilisation of a helicopter is effected with a very similar
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control law., These pitch terms indicate that the aircraft is more stable
in the middle speed range than at the extremes and this also bears out

previous experience of helicopter system designers.

Table 2 shows that the collective channel control law changes very
dramatically through the speed range. Fxcept at hover the forward speed
is negligible, but at hover this term is very large. A further point
about the hover laws is that the pitch and pitch rate terms indicate that
a positive change in collective angles pitch induces a nose-down attitude,
whereas at other speeds a nose-up change occurs. This certainly illus-
trates the problems in designing control laws for large speed ranges in
helicopters.

To indicate the responses obtained with some controls derived with
channels séparated Figs. 1 and 2 show the response to an error of -5 ft./
sec. in forward speed and 3 ft./sec. in vertical speed. Fig., 1 is with
or = .1 at 60 knots and Fig. 2 ¢/r = .1 at hover. The laws are:

(8B, = -.296U - .010W + .203© + .317 ©

Fig, 1 !
( A®,= -.009U + .206W - ,109 © - .196 ©
( B, =-.2970 - .O13W + 2190 + 334 ©
Fig. 2 ( ;
( AB,= - 462U + .237W + .226 &+ .531 ©

The responses shown in I“ig. 1 are not entirely acceptable. The
vertical speed error W decays very slowly towards the end of the transient
after a fast initial decrease. The collective pitch angle increment
remains at a high level for a long time and this is not particularly
desirable. Fig. 2 shows very much different responses. The vertical
speed response.includes a large overshoot and the rate of change would
probably cause discomfort. The response for the collective pitch angle
is quite unacceptable since the initial increment is some 3 degs. and

this becomes -.5 degs. in about 1.5 secs.

It is evident that the proi:lem must be approached with combined
channels and the merformance index of equation(l j)should be used.

Combined channels control laws

The performance index, equation(l13) contains 4 parameters, i.e.
9 Y Tgys To, SO @ Vvery large number of cases could be used to find
a control law with a suitable response. It was decided that the invest--
igation here would be done in three stages.
(

i ) by experience choose q, and q and with various rp, and re



49

find control laws at one speed only.

(i1 ) pick the most suitable control law from those given by (i)

and then find the laws at other speeds with the same Tp4 and

To,

(4ii) apply each law found at each speed and compare the responses
expecting that one law will be suitable throughout the speed
range.

The choice made for the parameters in (i) was influenced by the
experience. gained from the separate chammel investigation. q, and %y
were both made equal to 1.0 which means an equal weighting on forward
and vertical speed errors. It is usual in helicopters to use more
cyclic than cellective pitch changes since an increase in collective
requires an increase in engine torque which in turn means a change in
the tail rotor pitch angle. From (i) it was known that o/r should be

+25 er less. The values for r_, and rg_Wwere therefore chosen as:
°

B

T8

ceslopes B Be o8 S 0D 15

. 10 * 15 ? 20° 15° 20 ’ 20
(]

The speed chosen for the application of these Tpy /re. values was
60 knots. Table 3 shows the coefficients as determined by solution of
the Ricatti equation. As shown in Tables 1 and 2 the U term in the
law and the W term in the B, law are small and might be neglected. A
notable difference between these tables however is the small amount of
pitch attitude rate and pitch attitude feedback required in the collective
control laws. Although small it is probably not wise to say that the
terms are negligible in all cases. For the same initial errors as in the
separate channels cases the transient response with each law was found.
Fig. 3 shows the response for the ratio Ty /re finally chosen. This is
when the ratio is 15/20. The amount of control used is small in both
channels and the responses in pitch attitude and speeds are goed. It
may be argued that the collective pitdh angle is unnecessarily large for
a long time but in fact this was the best achieved in relation to the
vertical speed error response. Thus the result obtained from (i) was
that the parameters used in the performance index should be:

o = g¢)+w+‘15 (AB1)2+20( Ae,)z) dt

(=] % .
This index was now used to obtain contral laws for the hover, 30, ©0

and 100 kts. cases. These laws are given in Table 4. It can be seen that

the major terms in all cases are similar throughout the speed range but
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differences do occur. Some signs associated with smaller terms change
but this should not influence the overall effect. Each law was now
applied to all speeds and to gauge the effect on vertical and forward

speed responses two measures of these responses were made:

- : . _ 1st overshoot amplitude
(i) amplitude ratio = Tnitial dmplitude

(ii) 2% time - time for error to become less than 2% of

initial error.

These results are shown in Figs. 4 and 5. Since in many cases
there was no overshoot and the response was overdamped Fig. 4 cannot
give a full picture. It does show however that the hover law gives a
low amplitude ratio at all speeds in both channels. The 30, 60 and
100 knots laws give very unsatisfactory damping in vertical speed below
about 20 lcnc:ts and could not be used at hover canditions. Fig. 5 covers
the whole speed range. It is undesirable that any 2% time should be
greater than about 10 secs. so again only the hover law would seem to be
satisfactory at all speeds. Some laws used at their own speed are not
very good e.g. 100 knots law at 100 knots. Assuming that the hover law
is good throughout the speed range it can be seen that the 2% time
changes from less than 5 secs. for a vertical speed error at hover to
9.5 secs. at 30 knots and then to about 7 secs. at 60 knots after which
it becomes just greater than 10 secs. at 100 knots. If it is acceptable
that the response shall change this much then the hover law performance
is fair at all speeds. Another law which is nearly acceptable throughout
the range is the 60 knot law. Regarding the change in 2% time at low
speeds this law is superior to the hover law but unfortunately the response
above 90 knots becomes very slow.

Conclusions

An investigation has been carried out to find the usefulness of
using the Kalman approach to optimisation in the problem of transitions
in helicopters. Separate channel and cambined charmel laws have been
formilated and it was hoped that a suitable law might emerge that could
be used throughout the.aircraf‘t speed range. The results from the
separate channel investigation were useful in obtaining a first estimate
of the performance index parameters although actual laws given by this
apuroach were unacceptable. The laws derived with the chamnels combined
did not always give satisfactory responses but were very useful in
finding the effect of a given law, which was an optimal law for one speed,

at other speeds. It is considered that this method is useful in performing

a
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a preliminary study to get a feel for the ‘transition problem associated
with a particular helicopter with a new airframe and would shorten the
time required to obtain a control law for use in a prototype aircraft.
It is hoped that the results of this paper will be applied to a full
non-linear similation of the aircraft and their effect on transition
profiles will be determined. These results would be presented at the
congress. :
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Notation
B, increment in fore/aft cyclic pitch blade angle
0° increment in collective pitch blade angle
U error in forward velocity relative to earth axes
W error in vertical velocity relative to earth axes
© error in aircraft pitch attitude

qu) q', 31’ r weighting factors
O

ks koo ko, kp fore/aft cyclic control law coefficients

5 1

r'

e dhpr 1 collective control law coefficients
u’ “w P
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-
True Air qu/r ’ R R
Speed kts. B‘I U ¥ hf h‘;
Hover - .98 - 016 .296 L654
30 1.0 - .98 - 017 <257 . 608
60 e - .97 - .020 .282 613
100 - .9 - .023 .293 13
Hover - .69 - 015 .275 538
30 5 - .69 - 012 237 . 508
60 # - .68 - .016 .260 . 507
100 - .67 - .017 .269 .578
Hover - 480 - 014 .252 440
30 25 - 484 - .008 214 L22
60 : - 478 - 013 .236 416
100 - -LPGS e -013 .2141& o’-l—66
Hover - .297 - 013 .219 334
30 1 - .300 - 004 .183 .326
60 ki - .296 - ,010 .203 oIV 1
100 - .285 =ty .209 351
Hover - .179 - 011 .186 .251
30 ol - .18, « a0 .153 251
60 - .182 - ,008 170 « 240
100 - 173 - .005 176 262

Cyclig control laws (separate channels)

AB, = k Usk F+k O+kpl

TABLE 1
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4 T T o
True Air | i
Speed kts. %/’31 v g s PR | O

|
Fover - 1.08 .883 212 | .82 |
30 $ip - .025 . 886 ST BT
60 . - .01 .869 «.05 | -.230 |
100 - .003 .866 - 083 | - .L00
|
Hover -.977 .593 266 | 952
30 -.020 | .598 -.295 | -.130
60 3 - .010 .580 RN
100 o am3 '575 - -108 0396
Hover - 726 408 2260 . 731
30 25 - .016 39 S e |
(e} B - 010 .378 - 088 - .216
100 - .003 373 - A3k - .380
Hover - JLb2 237 .226 .531
30 A - .009 217 - 2257 - 151
60 g - .009 .206 - .109 - .196
100 - .009 <206 - .109 - 196
Hover - .300 131 .226 407
30 - .003 .110 - +203 - o0
%0 <Ok - .008 106 - .18 - .70
100

Collective control laws (separate

Ao‘ozluU+lwW+er+1pG

TABLE 2
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!
! qu:;w = rB-l A Y Re \“’
10 5 - .42n - .077 .231 428
15 5 - 423 - .093 «237 448
20 5 - 422 - 104 242 61
15 10 - .296 - .0u9 . 206 346
20 ; 10 - 296 - .057 .211 +359
20 15 - 240 - .039 192 307
Cyelic control law at 60 kmots (combined channels)
AB, =k U=+ k'W+k.'e + kp ©
Too o, e v L %,
S T %"
10 5 - 031 203 -.024 -.103
15 5 - .033 .150 -.019 -.081
20 5 -.032 .120 -.016 -.066
15 10 -.013 153 -.033 - 104
20 10 -.016 123 -.028 -.086
20 15 -.005 A2 -.037 -.101

Collective control law at 60 knots (combined channels)

88 = 4V + 2,W + 2,0 + 2,©

TABLE 3
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True Air R
Speed kts. Ru L R wRe
Hover - .236 - 031 203 «292
30 - 242 - 074 234 342
60 - J240 - .039 .192 « 307
100 - 220 - .051 «193 .360
Cyclic control law (final weighting functions)
A&\ = h\,\\) +kuw + kqe '\' kpe
True air q (]
Speed kts. A . Yo ds
Mover -.025 ° .165 .012 .022
30 -.072 127 - 054 .048
60 -.005 JA2L - .037 - 101
100 .016 o 120 - . 63 - .188

Collective control law (final weighting functions)

A®. = £.0% S.W + 8.6 « £.®

TABLE L
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DIGITAL CONTROL FOR VARIABLE STABILITY
o - AIRCRAFT

Dieter Bux
Gerhard Schveisger

Hans A. Seelmann

DORNIER GMBH, Friedrichshafen

GERMARY

1. Problen >

The present training of jet-pilots is expensive and tedious.
It is necessary to maintain several types of trainers which
vary with the stage of the student, increasing cost. The fi-
nal stage is training for actual maneuvers in the original

aircraft a most expensive process.

To reduce expenses the development of a trainer has been
proposed to simulate all trainer types by varying its flight
characteristics. The ultimate objective is simulation of the
original aircrafts for training costs ‘wvould be.greatly redu-
ced. This paper presents the first stage of an investigation
tovards arbitrary variation of the behavior of a given air-
craft in six degrees of freedonm.

2. The Aircraft as a Mathematical Model

2.1 General Dexription

The aircraft can be described as a dynamic system as follows:
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x = £ (x,a) (2.1.1)

x is the state vector with the components:

X} = v v, Velocity components in polar coordinates
x, = a or v, wvhere a-angle of attack, 8-slip-angle or
aerplane-fixed cartesian coordinates.
x, = [ Y.

X, = uw,
Angle velocities, in the airplane-fixed

xg = wy
systom,

xg = W,
x, = ¥ Euler angles: Y - bank angle,

xg = 3 JI- piteh angle.

The vector function f (X,u) is obtained by applying Hewvton's
equations in an airplane-fixed coordinate system. This process
yields 6 equations for the the three components of linear and
angular acceleration. The components of gravitational accele-
ration of the airplane-fixed system must be introduced as aug-
mented state variables since they are dependent upon existing
flight attitudes. These attitudes ¥ and 3, in turn are connec-
ted with the angular velocities via nonlinear differential

equations.

Furthermore f (X, U) contain force and moment coefficients,
which accordingly are nonlinear functions of the state vari-
ables. A system of analytiecally insoluble nonlinear differen-

tial equations is obtained.

2.2 Linearigzation

In the following investigations we examine the motion in the

neighborhood of an arbitrary reference trajectory X (t), as
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a response to the control vector ;ott).

One obtains:

ax@)+ &, (8) = f[%,(t).G,(0)] +—g§— Ax(t) + % au(t) ( 2.2.1)
() %)
ey Golt)

or

Ax () =«3—f— ax(t) +—21(_— Aut) ( 2.2.2)
Xt |- ;
%o lt) E.(f)
a, & ot)

since zo (t) = ¢ [xo (t), L (t)].

Equation (2.2.2) represents a svstem of linezr time-variant

differential equations of the following form:

G-AMG + BOp

2.3 Special Case

In conventional flight mechanics inveltigntion; an equili-
brium stage is assumed instead of a general trsjectory. In
this case the equations assume & clear form, since:

B, = ‘*”q., = Wy, = We,, = ¢, =0 ¢ps i 1)

Neglecting the gyro moments of the jets and the intake im-

pulses and verifying
Ck(io) &, C"(io) - CN(i') =0

vhich is valid for the trimmed state, the system can dbe de-
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‘coupled into tvo systems, each vith four state variables for

the longitudinal and lateral motions.

With equation (2.3.1) the longitudinal motion is obtained

r o B nr -
e x 2 [ s oA p) {
e -1 Sy XLy ‘ i
AKX 5 “,i"(",gF "i‘“—':ab_‘(of§vcr};, 15'—:‘§V'FT(-‘:,-' 0 .:‘Ad §
2 3\ F 2 8y p L 0 aw
o 2% 5 ST 7;2 |'A :
At C C 1 Osidﬁ»
K i i
[._fﬁ‘_"éo_ ¢
aeles e
| Sindo o} AS
+ | M N (i
| Sag SGF £ L 140
i _:” a 2y, f;‘ : l_ .l
| 3]
| 0 @ z
. d
and the lateralvmﬁtion
3
Ap m{§: cosd, - §&Fc,-§v,r,}’=) -Sin a(,-gy,EAk‘ “5"‘5*5%‘, 3_‘7;._3’.
12,,&39. R 8¢ )_a Fsfl, o U
i J! ¥ (k&cos( ::$an 1% - cosd, - )—‘nsm«,) 2y Z(mmd, %zgma(.) 0
aw, 12 _5_ Y g2 5 : .
,Aw | { smd.hh cosnd % _.J-SMd, +]§lwd. §V°TF2(%""“-’}}‘(&‘°“-) 0
iA'i3 ' 0 G tan ¥, 0
L JL :
r g/ r -
BN S o i
R el o ]
Aw, 1 S2Fs |k A 2 Fs (e, % .
g ' l! e : 2V| u( 3 CDSI‘. '7?) Si ) %V, —JJT{W“"-%“”‘.} .§A§' (233)
AW, §pEs D 1 Fs (i o 0,0 e
| LO,_§ :§Ve ,u( 7 Sinde + %‘wse( i —l;(ﬁs.n.g*ﬁ'wsx); {AE
8¢ | 0 0
e J

‘Here the presence of the common controls of an airplane is
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assumed.

= thrust displacement

= rudder deflection

> > B> >

S
1 = elevator displacement
4
£ = aileron deflection

Therefore, if ve assume small deviations from stationary ho-

rizontal flight the motion of an aircraft can be described
utilizing a system of at least 8 state variables.

3. Discussion of present solutions

In reference [1] to (4] two different procedures are descri-
bed for airwplanes with variable stability. Until the present
time these developments have been restricted to influencing
the flight behavior for small deviations from a stationary
horizontal flight.

1. The desired flight behavior is compelled by feedback:
Response Feedback System (RFS), as illustrated in fig. 1.

2. The airplane follovs the motions prescribed by a computer.
Model Controlled System (MCS), as illustrated in fig. 2.

With only these developments it is impossible to generate a
specific flight behavior because the customary four controls
‘are not sufficient for the arbitrary variation of the state
of an aerplane. Additional details are offered in Section L.
For these reasons only approximations could be obtained for
the changes in flight behavior. We shall discuss this briefly.

For the RFS, a, &, uW’ uy, v and ¥ are measured, each causes
a displacement of the elevator via a given factor. Similarly,fo

the lateral motion B, Wes W, and their derivatives are mea-

sured causing displacements of the rudder and the aileron.
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The gainsp can be chosen arbitrarily within a certain range
and are adjusted through experimentation. :

The MCS operates principally in the same wvay. Hovever, the
input signals for the displacements are the differences bet-
veen the desired and the actual values.

Control possibilities as noted above do not allowv complete

arbitrary influence of the aircraft.

4. Discussion of Nev Solutions

4.1 Continuous System

To simulate the dynamics of a given aircraft (index E) by a
trainer (index S) the derivations are made to coincide. This
can be done through proper feedback, as in the RPS. In the

folloving discussion we shall develop such a system.

As derived above, the time-variant equation for small devia-

tions from an arbitrary trajectory is

u ( bo1.1 )

This equation applies to both the trainer and the aircraft
to be simulated. Equation (4.1.1) is represented by the follo-
ving block diagram:
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e e i . .
au a{? = ] AX
ui‘..;o +

e % i e . p /s J”‘“_”“_j
g0 T i

I B ;"3{_““': |

—— ;;li.j. -

For the airplanes to have the same behavior, théy must have
identical characteristic motions. These are described by

= 3- v
AXg =—b£' “AXg © (4.1.2.8)
iy e
and .
ax, o e (k.1.2.p)
g
Ko Uy
e

Index S characterizes the trainer and index E the aircraft
to be simulated. Introducing artificial feedback for the
trainer

AX =-%f- iy e A—bi}-A)_( (+.1.3 )
X

A

(L

one can generate the same behavior wvhen

QU
——

Nl " = _bf_ - —Ai- (k.1.58 )
SRR IR ) el

-&ﬁ. X, Uy X, U

s &

o)
X

In general the matrix Azé L has rank 6. This matrix
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also indicates that since they are not fed back the attitude
sngles ( ¥ and ) need not be measured. This feedback matrix
can only be realized by the controls of the airplane, as
clearly shown in the followving block diagranm.

" % AX -—?77——_. ax
R e s e oy i
OX |%o 0,
Dz.a, —gg];..a.
L .
Auﬂu'oni. {
L__ ?t:i::;{ E;h;. C:T:JJ
AN N Tt

Obviously equation (4.1.5) must hold true:

“jﬁ" - T;Aa

C (5.1.5)
% Ci--"h

X, u,

S

=
Matrix C;o, = which determines the automatic control vector

from the instantaneous state vector, is realized by a compu-
ter.

D;o' i h is the control matrix describing the effect of the
i ]

control vector upon the aircraft.

Therefore B- must be at least of rank 6 and A;

xo,'Eo autom
must be a 6~dimensional vector. Since usually an aircraft

has only four controls with a defined control matrix, one
must provide two additional controls, the necessary condi-
tions for which are derived from the fect that the rank of

the comtrol matrix B;o = must be 6. Possible realizations
’

of the control matrix are discussed in section L.3.

Once D- , — i i fixed, C
xo0® uo 18 constructively fixed, C—

Zo® uo °88 be deter-



ﬁined from

%o, %o X G 2% | (k.1.6)
I"“‘"
ok S
since Dy g, is nonsingular, therefore invertable.

Thus the algorithm to be realized by the computer can be given.

4Y,utom is determined from

= == ‘\7‘
s E e e Gl ~
AU e = C‘;';o AXg = "’;,_;_ A Py - AX (k.1.7)
e, o
= b¥ 4 <
Since D and 3% are functions of the reference solution Xx,(t)
and u_(t), they must be determined continuously from these va-
lues.

The simulation requires storage of many nonlinear functions of
various variables and numerous arithmetic operations, even if
only a lov accuracy is desired. This can only be achieved by a
digital computer. Thus the continuous equations must be dis-
cretized.

But we must first note that the control matrix ~%% % G, must

agree for both aircrafts so that they respond identically to

the pilot's controls. This can be accomplished without diffi-
culties. We have

= -

8y s i nge 4
Al = fas (%, Go) - fas(x,,u,) : S; au, (4.1.8)

vhgfe the matricesiﬁp%éfﬁ)are generated from the matrices
Al; g and %Eigma. by omitting those rows con-
sistin; =xzclusively of zeros. Thus nonsingular 4 x 4 matries
are obtained corresponding to the % conventional controls.

3 I is a diagonal matrix containing the gains betveen
the pilot's control and the displacements of the operationsl

aircraft.
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‘b.2 Diserete System

The 3ene§al solution of equation (4.1.1) is

o ’ -
AX [t-t,) = CD(:-.,)f_ axlt,) + 1(43(?":) -2%! AU (T)dT (h.2.1)
25 30 .t. ‘;5.'2g 'i.,_i.,

vhere \S(t—tu) is the fundamental matrix as solution of the ho-

mogeneous system

ble-t)

&=%ké¢wm thote

£ G,
Here ve assume, that (t - t ) is choosen so small that <ff is

constant in this period and the following equation holds true:

—i-(t ) =S {

t2 T4t (4.2.3)

0X E..G.

Fér the reference trajectory X,(t) for u.(t) is known
‘a" 2
—t, = {E(t)
? X, Ge )X

is also known.

Expanding $ (t - t,) into a Taylor series at t, yields:

Ble-t)=T +-§I ; cleet) + [%és, (¢- to)I ok iy Lhe2b)

Neglecting all higher terms of (t - t,),

Df- 2E T b

K 1‘9,‘

Sl
.

(L4.2.5)

Assuming t - t, as the sampling time T of the digital system,
ve may vrite

(1) = T+ A1 T : (4.2.6)

et

i
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The state transition matrix from time n T to time (ne1)T is
then given by

3 = ! . |
¢r("\"1)T ”v-.‘, - ¢(T\;_ ?* 4 -
{ -nT] = (T)l= — I
: ol SORP AR (h.2.7)
Feln GolnT)
Using equation (L4.2.7) ve have the general solution for
t = (n#t) T, if Au(t) = Au(nT),
- = — = | ‘,’ = \-
axlln+0)T] = parr L AXT) = 4T T ) 25 sGmiat
3 ety ;;cknf) / PRA ",
ZoinT) GywT) - O g‘h’{) :i?!'/
(9.2 8

Therefore, it is necessary to compute the values llla@T)UJﬂU

and %£l%ﬁ“’%b“’ from the instantaneous state before determing
the control vector and the feedback in time n T. Then we obtain
a very accurate simulation provided the sampling time T is suf-

ficiently small.

k.3 Realization

The most important fact for an engineering realization is that
the ranges of the trainer's control variables are sufficiently
large for additional controls to simulate the original aircraft.
This must be considered in the construction of the control sy~
stem. The additional control essentially must vary the lift-ver-
sus-drag curve (using auxiliary flaps) and generate a lateral
force (auxiliary jet, bleed from the main jets, or an additio-

nal control surface).

The computer must mainly store functione and compute the instan-
taneous state and control variables. The aerodynamic lift is an

example:
A=-§~ viFec, vhere Co= f(v.&, wy N .Mu)

The dependence of the g°rspeed v is correct only at constant
flight level. Otherwvis- the function depends also on the Mach-
number. Not only the state varisbles, but also the control ve-

riables are necessary for computing the aerodynamic functions.
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4A complete aerodynamic model needs a core of about 1,500 words
with 24 bits each. Since two models must bde stored, about 3,000
vords are needed for the aerodynamic functions. To store the
characteristics of the jet engines about the same amount of
storage space is required. In addition the above control matrix
must be stored. A total of about 8,000 words are needed for all
this data.

Two additional storage blocks are necessary. One block serves
as a buffer accumulator, for temporary storage of flight data
vhich at certain instants are transferred to an external imn-
strument, for example a tape recorder or a telemetry system.
These data may already be partially analysed. The third storage
block assimilates the required computer and control program
comprising about 6,000 words with 2k bits each.

To summarize a digital airborne computer with 16 - 24 X (X=1,024)
strage space & 24 bits is sufficient to solve the existing pro-
blem.

To retain minimuwm sampling time and computing time per samp-
ling interval, the computer must have a cycle-time of 2 usec.

- The sampling time should be about 20 m sec. for this case. -

These proposed requirements for an airborne computer are ful-
filled by several various types. The cost of such a computer
is presently approximately 250,000.-- DM. Costs would be re-
duced by increasing technological experienca and further pro-

duction of the same types.

In Conclusion

The expenses of jet pilot training would be gignificantly les-
sened through further investigation of a flight simulatcr as
proposed in this paper. The engineering and financial efforts

would prove well justified and profitable.
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LIST OF SYMBOLS

Variable ( ref. LN 9300 )

¥

"

bank angle

pitch angle

angle of attack

sideslip angle

airspeed

angularvelocity

lire

lift coefficient

drag coefficient

lateral force coefficient
rolling-moment coefficient
pitching-moment coefficient
yaving-moment coefficient
elevator displaceient
flap displacement

rudder displacement
aileron displacement

ving area

mass of aircraft

moment of inertia
reference wing chord
half wing span

Laplace - aperator
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n:r - normal distance of thrust vector from C.G.

s - thrust

t, T - time

T - sampling time

vectors
;l ; i
q, ; o
T -

matrices

ol

(¢)

indices

control vectors
state vectors

vector function

- coefficient matrix of the linear system
~ control matrix of the linear system
coefficient matrix of the system linearigzed wvwith

respect to the state io’ u.

- control matrix of the system linearized with
respect to the state X , u_!

o "o
- coefficient matrices

- unity matrix

- diagonal matrix with the gains betveen the pilot's
controls and the displacements.

-~ fundamental matrix of the linear system of diffe-
rential equations.

0 - reference state

E - aircraft to be simulated

§ - +trainer
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EXPERIMENTS ON A HYDROFOIL TEST CRAFT
WITH A HYBRID FOIL SYSTEM AND AN
AUTOPILOT

Y. Ohtsu*, T. Fujino*, M. Itoh*, H. Ohno* and K. Uchino**

Introduction

The hydrofoil craft is classified into three types according to the foil
systems as shown in Figure 1:

(1) Surface-piercing foil system.

(2) Hybrid or combined foil system.

(3) Fully submerged foil system.

The surface-piercing foil system, having two surface-piercing foils,
works at a substantially constant lift coefficient. The lift of the craft
with this system is proportional to the foil area under water. This lift
stabilizes the roll of the craft, and.keeps the craft at the constant height
and pitch angle from the surface of the water. Therefore, the craft rolls,
heaves or pitches heavily owing to the wave.

In the fully submerged foil system, the lift is adjusted by the incidence
angle or the flap angle of the foils. In order to control the altitude and
the posture'of the craft, some control system is required. The fully sub-
merged foil system has a platfbrming capability, and is distinctly superior
to the surface-piercing foil system. But, with this foil system the craft
can not cruise in foil borne condition when the autopilof equipment fails.

In-between these two foil systems, there is a hybrid, or combined system,
having surface-piercing bow foils and fully-submerged stern foils. This
system is believed to possess more advantages than shortcomings of the a-
forementioned (1) or (3) system, the latter of which has deficiency in sta-
bility.

Up to the present, many papers have been presented concerning with the
surface-piercing foil system or the fully submerged foil system. But there
has been only few relating to the hydrofoil craft with the hybrid foil .sys-
tem. In this paper, an outline of longitudinal dynamics of the craffswith Y,
hybrid foil system and its control system are given, and the foil borne

cruising sea trials of the test craft in several autopilot modes are

The authors * are with the Mitsubishi Heavy Industries, Ltd., Tokyo, Japan
The author ** is with the College of Naval Architecture of Nagasaki,

Nagasaki, Japan



described.

Test crafé and autopilot equipment

The test craft has two split type surface-piercing fore foils having ful-
ly rotating submerged foils at their bottoms, and the fully submerged after
foil which has a control flap at the trailing edge.

The test craft has an 8-meter overall length, 2.2-meter hull beam, 4.2-
ton loaded weight, 280 hp (one gasoline engine), 30-knot foil borne cruising
speed, 40-knot maximum speed. The general view of the test craft and the
general arrangement of the autopilot equipment and also the measuring in-
struments are shown in Figures 2 and 3.

Controlled variables of tﬁe hydrofoil craft are altitude (or height),
pitch angle, roll angle and yaw angle. In the test craft, the yaw angle is
manually controlled by the rudder wheel, and other three variables are con-
trolled by the autopilot system. The block diagram of the autopilot system
is shown in Figure &.

In the autopilot system, the height is controlled By changing additively
each incidence angle of the fully rotating submerged fore foils. Each inci-
dence angle is controlled by its own hydraulic servo mechanism. The roll
angle is controlled by changing differentially eachlincidence angle of the
fore foils. The pitch angle is controlled by changing the flap angle of the
after foil. The flap angle is also controlled by the hydraulic servo mecha-
nism.

The hydraulic servo mechanisms are composed of transistorized servo
amplif?ers, electro-hydraulic servo valves, hydraulic linear actuators and
linear differential transformers to detect the stroke of the linear actu-
ators. A plunger type varw®able displacement hydraulic pump is used as the
hydraulic power Qource. Experiments on the hydraulic servo system under the
dummy loads, (inertial load of 30 kgs and spring load of 600 kgs) showed
that its characteristics could be appfoximated by a second order system in

the following transfer function:

B W sn® (55.5)2
Gs(s) = —5 g o reD 2
s® + 2¥jsnWisns + W sn 5% + 2(0.9)(55.5)s + (55.5)
where
Wsn : natural angular frequency (in rad/sec)

Tsn : damping coefficient of the hydraulic servo system.
As sensors of the controlled variables, a sonic height sensor and an
electronic accelerometer are used to detect the heaving motion, and a verti-

cal gyro and rate gyros are used to detect the pitching and rolling motions.
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The specifications of these sensors are shown in Table 1. Electrical sig-
nals from these sensors become the controlling means of the autopilot.

The controlling means are composed of transistorized analogue computing
amplifiers, multipliers, potehtiometers and other elements. The maximum
values of their inputs and outputs are I 10 volts. Their functions are to
adjusf the level of signals from each sensor, to compute the height signal

at the center of gravity, and to generate the necessary actuating signals.

Synthesis for the longitudinal plane control system

Generally, the hydrofoil craft dynamics could be treated separately as a
longitudinal plane motion (i.e., heaving, surging and pitching motions) and
a lateral plane motion (i.e,, side-slip, rolling and yawing motions).

In the test craft, only the roll angle is taken as controlled variables
in the lateral plane motion, and the lateral plane control system is tre:
as the system of single input and one output. On the other hand, in the
longitudinal plane motion the height and the pitch angle are taken as con-
trolled variables. Then the longitudinal plane control system is treated as
the system with mutual interaction between them. A sketch of the test craft
and a co-ordinate system in the longitudinal plane are shown in Figure 5.
In a equilibrium condition of the craft with a hybrid foil system, the
height and the pitch angle are a function of the incidence angles of the
rotating fore foils and the flap angle of the after foil. Then, the longi-
tudinal dynamics of the test craft may be regarded as an interacting control
system and studied by the same method as that in the fully submerged foil
systeml.

Neglecting the surging term in the longitudinal dynamics of the craft, we
obtain the block diagram of the autopilot control system shown in Figure 6.

In Figure 6,

Zg* : Desired value (or set point) of the height at the c.g. of the
craft (in m)

Zg : Height of the craft at the c.g. (in m)

6 : Desired value of the pitch angle (in rad)

0 : Pitch angle of the craft (in rad)

S1 : Incidence angle of the fully rotating fore foil (in rad)

SQ : Flap angle of the after foil (in rad)

Mll(s) : Transfer function of the craft (in m/rad)

MBI(S) : Ditto (in rad/rad)

Mlz(S) : Ditto (in m/rad)

M3°(S) : Ditto (in rad/rad)
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GI(S) : Transfer function of thezfeed back element of the height loop
GI(S) =k +g;s. *+ h1 s
K, : Feed back constant (in volt/m)
9, Feed back constant (in volt-sec/m)
hy : Feed back constant (in volt.sec2/m)
Gz(S) : Transfer function of the feed back element of the pitch loop
k, : Feed back constant (in volt/rad)
9, Feed back constant (in volt-.sec/rad)
HI(S) : Transfer function of the hydraulic servo mechanism times K1
Kl Wsn2
H, (B) = S 5~ = K, *Gs(s)
$% + 23sn Wsns + Wsn
K1 : Master gain of the height loop (in ra@/volt)
Hz(S) : Transfer function of the hydraulic servo mechanism times Kz
H (S) = szsnz = K_-Gs(S)
. L aS s 23sn Wsns + @ sn L
K, : Master gain of the pitch loop (in rad/volt)

We have obtained Mij(S) as the following formula

- Kij (s.-zijl)(s-z.ijz)(s-zij3)
MI(S) = TSP (5-P,) (5, (5-B) (5-7;)

The values of each parameter in Mij(s) calculated for the test craft are
shown in Table 2. In Table 2, Moij(S) means Moij = lim Mjj(S), that is
" : S-»0
static gain.
The transfer function of height and pitch 160p in Figure 6 are respec-

tively obtained as the following equations.

2% (&) {mym -1, (9} w (o)
B L e .
5 20 _ M32(S)+GI(S)H1(S) {Mll(S)MBZ(S)-MIZ(S)MBI(S)} H, (S)

32 26" A

where A = 1 + M, ()G, (S)H, (S) + M,,(S)G,(S)H,(S) +

"3
6, (506, (S, (5)1,(5) { My ()M, (5) - wy ()M, ()

Substituting each value of Mij(S) shown in Table 2 and pre-determined

values of k hl’ k in the characteristic equation of the system,

17 911 27 92

and increasing the value of Kl, K_ gradually in calculation, we obtain the

2
roots of the characteristic equation. Root locus diagrams obtained from
the above-mentioned calculations are shown in Figures 7 and 8, respective-
ly. In these figures, dotted lines starting from the origin are drawn at

an angle of 30 degrees to the imaginary axis. Each value of K1 and K2 at
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the point, where the dotted 1lines intersect the root locus starting from
the root of the transfer function of the hydraulic servo system, is 0.5 and
2.5, respectively.

On the other hand, the values of Moij were measured experimentally with-
out the autopilot in the foil borne cruising. Step response tests were
hl’ Kk

carried out with the values of k in Table 3. The optimum

11911 ol
value of K1 and K2 obtained by the experiments and those by the mathemati-
cal synthesis are shown in Table 3. Though the values obtained by the ex-
periments and the synthesis do not exactly coincide with each other, the
values qf each parameter obtained by the experiments do not differ so much
from those by the synthesis, respectively. Therefore, it seems that the
optimum open loop gain of the autopilot for the hydrofoil craft with the

hybrid foil system could be obtained by the mathematical synthesis.

Foil borne cruising tests in several autopilot modes

The hydrofoil craft with the hybrid foil system does not require any au-
topilot for the foil borne cruising because of its self stabilizing charac-
teristics. The autopilot is for improving its riding ability and comfor-
tability in the foil borne cruising.

The foil borne cruising tests were carried out in several autopilot
modes of the autopilot circuit shown in Figure 4. The several autopilot
modes used in these experiments are tabulated in Table 4. In Table 4, the
mode expressed in A.P.(i‘) means that the rolling rate of the craft dynamics
is fed back by a rate gyro. The mode expressed in A.P.( ¢ + é) means that
the roll angle and the rolling rate of the craft dynamic; are fed back by a
vertical gyro and a rate gyro, respectively. Similarly, the mode A.P.(é)
means that the pitch rate is fed back by a rate gyro and the mode A.P.( 6 +
é) means that the pitch angle and pitch rate are both fed back by the
above-mentioned vertical gyro and a rate gyro, respectively. The mode A.P.
(ﬁ + h) means that the heaving velocity and the heaving acceleration are
both fed back by the integrated signal of the accelerometer's output and by
the accelerometer at c.g. of the craft, respectively. The mode A.P.(h + h
+ h) means that the height signal is also fed back by the sonic height sen-
sor together with the mode A.P.(ﬁ + E). The rest is omitted.

Figure 9 shows one of the test results carried out under the same sea
state in the foil borne cruising. In this figure; the abscissa shows the
autopilot modes used and the ordinate shows the peak to peak amplitude of
each quantity measured in foil borne cruising at the speed of 30 kts. The

upper level indicated in wide bars shows the mean value of amplitude, and
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the upper level indicated in narrow bars shows the maximum amplitude. The
data shown in Figure 9 is not a statistical result but one of the sea trials
in foil bo;ne cruising.

One of the raw data of oscillographs is shown in Figures 10 and 11l. Fig-
ure 10 shows the result of the foil borne cruising tests in several auto-
pilot modes: Without the autopilot (no control), and also A.P.(é ), A.P.
(P + ¢ ¥z A.P.(é) and A.P.( @ + @ ). Similarly, Figure 11 shows the re-
sults in the other autopilot modes: A.P.(;x - .l'.x), A.P.(h + h + '};), A.P.(¢ +

é + h + h) and A.P.( P + ¢ + 0 + 0 + hthth). These figures suggest that
the height, pitch angle and roll angle can not completely be controlled by
the rate feed back only, but the deviations of them are considerably smaller
than that of without the autopilot. Both their position and rate are con-
trolled if the feed back signal of the height, pitch angle and roll angle is
added to the rate feed back signal of them.

The hydrofoil craft with hybrid foil system has essentially a trim of the
height, pitch angle and roll angle at a constant foil borne cruising without
any autopilot. But, experiments was confirmed the feasibility of setting
the trim of the craft to that of the desired values of the autopilot. Raw
data of step response test to the height, pitch angle, roll angle inputs are
shown in Figures 12, 13 and 14 to support the above-mentioned behavior.
These figures show that each controlled variable i.e., the height, pitch
angle, roll angle, was attained to the desired value when a step input is

added.

Conclusion

The foil borne cruising tests for the hydrofoil craft with the hybrid
foil system were conducted in several autopilot modes and the performances
of the dynamic motion in each autopilot mode were compared qualitatively.
The experiments showed that the deviation of the controlled variables from
the trim of the craft was considerably suppressed under the rate feed back
only, and that the deviation from. the set point of the autopilot were de-

creased more under both position and rate feed back.
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(1) (2) (3)

Figure l. Three different types of foil configuration
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Pen writing oscillo

Auopilot electronics

Gasoline tank Electric_distributer panel
~__Speed sensor_electronics
~__Speed sensor_electronics

Main engine
- . Height sensor electronics

Hydraulic power_supply
Hydraulic actuator

:

| Exhaust oipe

Figure 3. General arrangement of the autopilot and instruments
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One of the test results in several autopilot modes
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No control A.P.(8) A.P.($+4) A.P.(6) A.P.(6+6)

Figure 10. One of the oscillograms in several autopilot modes
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Figure 11. One of the oscillograms in several autopilot modes
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Figure 12. Step response test to height input
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Figure 13. Step response test to pitch angle input
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Figure 14. Step response test to roll angle input

Sensor Type (Maker) Essential specifications
Sonic height Type : Pulse Range : 0.6~ 3.0meter ;
AR (Japan Radio Out put voltage gradient : 2V/meter

Co., Ltd. ) | Pulse : 20kc/sec.
Type C—702407 In put range: *1.5g

Acceleromeler

(Kearfott ) Out put voltage : +10V
Vertical gyro Type T-—2105—1B | Degree of Freedom : 360 deg. Roll, + 85 deg. Pitch.
(Pitch and roll) | (Kearfott) Out put voltage gradient : 0.206 V/deg.
Rate gyro Type—T—2008—1A | Maximum rate : 29 deg/sec
(Pitch) (Kearfott ) Sensitivity : 0.465 v-sec/deg
Rate gyro b i .
(Rolt) Ditto l Ditto

Table 1. Specifications of the sensors



92

V=30 (kt), Zg=1.0 (m), 8=+2.0 (deg)
Pl 0165 [Me| 420 |Mga| 2108 |Mg| 0379 |Mey| -—0164
P | —o6m K, | -33450 |K, | -14050 [K, | 15628 |Ky| -—12069
[ | s203 Zo| —oass |z | ases |z | 02 [z, | -0
P | 205 [Zya| 541 |Zp| 0189 [Zy,| LM | Z,| 2838
Fond wuom ;.: L3865 | Zy | —1L210 | Zy| 562 |Z,| 298

Table 2. Values of Mij(s)

Height loop Pitch loop

Mon | Ki| ki | 81| hi| Moz | Ko | k2 | B2

Result of w/rad ' rad/rad| .

oo el —427 [ 05| 1 |150|012| —016 | 25| 1 | 046
Result of a/red rad/red

experiment —126 2.1 | Ditto | Ditto | Ditto | —0.29 9.5 | Ditto | Ditto

Table 3. Comparison between calculated and ex-
perimental values of each parameter

Senic Vertical Rate Rate
P el - B B
no control
P o
$+4 (e] O
[} O
6+6 O o
h+h (0]
h+h+h O O
$+0 O O
SHhth ) ®)
+h+h o O'“
re+ore O ) o
$+e+h+h+h ®) O o) |
0+ 0+ b+ hth 0 o) 0 Odi b
FreTyee: o & 2SO TS
S+ 4+ 0+ 0+h+h+h Q. IS €3 O_' -_-O_-~

Table 4. Autopilot modes and their sensors used
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THE DYNAMIC CONTROL OF AUTOMOTIVE
TRAFFIC AT A FREEWAY ENTRANCE RAMP

The need for control over the flow of automotive vehicles onto a high
speed freeway is easily established by consideration of any one of several
performance criteria, Among these, the more commonly used examples
include: the large number of rear end collisions on freeway entrance
ramps; the frequent occurance of rush-period "bottlenecks' just down-
stream from urban freeway entrance ramps; and, the reduced production
of freeway when the density of vehicles on the roadway passes a ''critical "
limit,

To complement the need for control, early experiments in ramp
metering indicated the potential benefits that were available when the
flow of vehicles onto a freeway, was judically throtl;led}' 2 Subsequently,
it was also shown that significant improvement in system behavior was
obtained when the mc;vement of vehicles onto the freeway was coordinated
with the movement of vehicles in the upstream (right) outside-lane of the
freeway.3’16 This process, termed freeway-ramp merge control, co-
ordinates the projected entrance onto the freeway of vehicles on a ramp
with the projected arrival at the merge zone of vehicles that are in the
upstream, outside-lane of the freeway.

There are presently two basic approaches to the freeway-ramp control
problem. The first employs a single traffic control signal and is predicated
on the use of a controller that is designed to release stopped vehicles from
a given location on the entrance ramp. Thus only the initial release time
and position of the merge vehicle are controlled, and no attempt is made
to influence the vehicle after release. This approach is being developed
at the Texas Transportation Instit\.;tte (T.T.1.) at Texas A and M

University under contract to the United States Bureau of Public Roads.
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It is relatively unsophisticated in its "'action' and is presently being
employed in an exper‘imeﬁtal project on the Guif Freeway in Houston,
Texas. The second approach to the design of a controller does not attempt
to control the initial time or place of the merge vehicle, Instead it attempts
to modify the trajectory of merge vehicles on the ramp so as to guide them
into available holes in the stream. This approach is presently being
developed by Raytheon under a contract with the Bureau of Public Roads |
and is substantially more sophisticated in the scope of controller action.*

The work described in this paper concerns the analysis and design
of a dynamic controller for the T, T.I. system during operation in the
single~vehicle-merge mode. For this case a single vehicle is released
to merge into the stream when a suitable target location is detected in the
stream, and provided that the previously released vehicle has completed.

a successful merge.

The System Model

The state of the merge control system in the single-vehicle mode is
described by the number of vehicles waiting behind the control signal and
the position on the ramp of the last merge vehicle released. (see figure 1)
Thus, when there are N vehicles awaiting service and the last released
vehicle is on the ramp at a distance X from the end, the system is de-
scribed by a point in two dimensional space, (N, X). For this case: the
variable X decreases from L to zero as the released vehicle moves to
complete the merge; and the variable N increases by one for every arrival
into the queue or dec:rc:eases by one for every vehicle released from the

queue.

This system will include the capability to operate in the manner of the

present T, T,I. if and when that is desirable,.
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This state model of the system is easily extended to the case of
multiple-merge-vehicle operation by extension of the dimensionality of
the state space to provide for up to m vehicles located on the ramp.
However, little is gained by this extension at present because of the compound
difficulty in analysis. Instead the model is first simplified by considera-
tion of the system at the instants at which merges are completed. At
these ''renewal' instants the value of X is always zero and the system
is completely described by the single integer value N, Thus, the system
jumps from state to state at the completion of the merges, and N in-
creases by K-1 at each renewal instant., (Here, K is a random variable
that is equal to the number of arrival into the queue during the interval
required for the last merge.) For this case, the state may decrease by
at most 1 per merge (i. e., no arrivals). This model has been carefully
analysed and is presented elsewhere.n J

When the merge process is subdivided to differentiate between those
vehicles that successfully complete a moving-merge into the stream
within the merge zone and those vehicles that stop at the end of the accelera-
tion strip before the execution of a successful merge, tlie state model is
again two dimensional. However, in this case the variable X is defined
to be A when there is a trapped vehicle stopped at the end of the accelera-
tion strip and zero otherwise. Hence there are two states corresponding
to each value of N, as shown in the state diagram in figure 2 . For this
model, the system transitions occur as follows: the system moves from
state (N, 0) to state (N-1, 0) when a moving merge is completed; it moves
from (N, 0) to (N-1, A) when an attempted moving merge fails and the merge
vehicle becomes trapped; it moves from (N-1,A) to (N-1, 0) when the
trapped vehicle executes a successful merge; it moves from (N, A) to -

(N+1, A) when an arrival occurs while a vehicle is trapped; and, it moves
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from (N, 0) to (N+1, 0) when an arrival occurs while no vehicle is trapped.

For the system model described above there are arrivals, successful
moving-merges, unsuccessful moving-merges and successful stopped-
merges. When attention is focused upon the probability that the system
is in a given state at the instant t , and the assumption is made that the
probability of an arrival during the interval of time between t and t+dt
is both dependent upon t and proportional to dt , then the system
model represents a queuing system that is subject to a time-dependent
Poisson arrival process. Released vehicles are then served in one of two
ways; that is, with either a successful or an unsuccessful moving-merge.
When the latter type of service occurs the vehicle then undergoes addi-
tional delay correspond to the completion of a stop;ped-merge.

A simplifying assurnptidn is now made thatthe probability of a success-
ful (or an unsuccessful) moving-merge, or the probability of a successful
stopped-merge, during the interval between t and t+dt is proportional
to dt . In addition all three quantities are assumed to be functions of the
traffic parameter q , while the first two are also dependent upon the
controller parameter T . Hence, these are only four transitional proba-

bilities in the model; these are:

1) y(t) dt - the probability of an arrival during dt

2) u(q, T) dt - the probability of a successful moving-merge during dt

3) u.l(q, T) dt - the probability of an unsuccessful moving-merge during dt

i) u2(q)dt - the probability of a successful stopped-merge during dt

The system equations are then

[(Pit)]= [Alq, T,t)] [ P(t)] (1)
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where

0, ot)]

[P(t)] = (2)

0,4

B 54
P
Pl, 0(t)
P

1,4t

PN, o(1:)

LPN, A(tf

and [A(q, T,t) is shown with the arguments omitted.
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0 (3)
0o -p Bt AL O LG 8D 00
0

2 0 e e B el 0050
0 R AL Cn Bl Sl R
0. Qa0 smiays a0 e s @0 -0
;s 0 eeps 0 et N0 R0 0

(P Dt WS VE BRI T i | s )

eee see
see eve
see

.

0 o0 0. 84 0ieee A Aek gk 9
00 0 0 0 ... % O-=(uy)u
0 0 S B T 0 -

b 3 ]

Here B_:“-pz and e=tuty.

The system is then considered when the transitional probability rates
are constants, and the steady state probabilities are evaluated. For this
purpose tl_i_n;xggz'(t)] is set eql;al to zero and the solution to [A] [P]= 0 is

obtained. Here lim [P(t.:)] e[P]
T =00
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P
0,0
where [P] = ?

Py, o
LPN’ A- (1)

When the rows of the product [A][P] are considered in pairs,the first two
yield the equations

] o[22 ]

(5)
1,0

from which

P : A “1 P
0,A Euuﬁp.z 0,0 (6)
and
AP
P d= P
1,10 0,0 /i
Butp, 1y (7)

Next the Kth pair of equations is given by
[" "-] (A -l,A] *[0 “] [PK,A [‘-“2 -“][PKH,A]
s =0
0o o LPK'O - o R B -y|P

K+2,0
Z transforming this pair of equations yields, after simplification,

Po)] Py [2® s -22ap &
o))~ AP [z + 8 ) - 22y +BurBy) +22
0 o + P W (o +PutPu) +Z2%Cutap )

where

Z-n

(o o)
p(z)= V' p
A() nso A

(10)



= -n
Py(2) = _Z P, o Z
n=0
and
(Z) = 2% (u, B W - 27(a B+ + 22 2
a oyt ( A+ Z7( e+ B) - 2
But
Zlim [PA(Z) + Py(Z)] =
]
from which, by use of L! Hospitals Rule,
& _uz,(u+u1)-x(u1+u2)_l Rouniiu ;1
0,0 " pplut ) Wi+ ) e
¥y
with N infinite, In addition the expected number of vehicles in the
queue, E(n), is given by
. d
E(n) = Iim =5 [P,(Z)+ P,(Z)]
7 —1 9% A 0
from which, after appropriate manipulations and use of L' Hospitals RulT
“1(“'“2)
2
S D b () + it ) tw)] 5 (u1+u2
u.zl(u+ul)[p2(u+ul) T byl g -E}]
Since the steady state probability of being empty, P, , is zero
A Folun) 8
when ) = y' = m +”2 and the expected steady state queue length is
1

infinite at that arrival rate, ) = | corresponds to a borderline stability

condition and p' is the steady state service rate of the merge control

(11)

(12)

(13)

(1z)

(15)

(16)

system. Furthermore, when the system is modelled as a single queue with

two dissimilar servers (where one server provicies the user with moving
merges at a rate of p with probability pfu+ ul) while the second server
provides stopped-merges at a rate of o with probability ul/(p,+ w l) then

the expected service time is
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u
T :—“—L",-—l—_l_
E uptpu  uiwy py
L)
u§u+u1)

(17)

provided that the choices of servers is random with proper associated

probabilities. For that case the effective service rate is also u' since

(ptup,y) -
T uzulwzl 20 (18)

The Design of a Controller

One useful and fairly common model for an urban freeway employs’
stochastic processes with slowly varying parameters to account for both
ramp arrivals and highway flows. In particular, the peak-period ramp-
arrival process is often described as a time-dependent Poisson process
with ) (t) as shown in figure 3. In addition, the intervehicle spacing for
vehicles on the highway are described as independent samples from an

Erlang distribution i

a ta-l. e-aqt

.Y
s R

(19)

where a is an integer and q is a slowly varying function of time corres-
ponding to average volume (see figure };). Based upon these descriptions,
and subject to the assumption that the process parameter vary slowly, the
controller is designed to maximize the service rate p' subjectto a
_mitation of downstream freeway capacity.
The service rate u' is a functionof y and p 1 which are both
4 - dy'
dependent upon the controller parameter T . Hence by setting aT - 03

the values of T corresponding to the relative minima of p' are located,
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Particularly
dy dy
gt Mgy te 2“‘«%"*?’5&) o lptpy) 2
aT - 3 U N
1)
reduces to
duy g

(y +u SR+ ) = ) 57 , (21)

since (u, +pu 2)2 is positive and finite, and p, # 0
From eq. (21)
d "
a7 [1n1{u+u1)-1n(p,1+p,2)]=0 (22)

When T corresponds to the threshold that is set on the minimum
spacing between vehicles on the freeway into which a moving merge will
be attempted, then all spacings in excess of this threshold may be termed
" gaps. " With this threshold limit set, the rate at which gaps appear in a

stream with volume equal to q vehicles per second is;

f, L‘ﬂa a-1 -at at
(a-1)!

T Zb (ﬂ;.}.‘)_

1"

ptpy
(23)

When the probability that a presented gap of t is accepted by a driver
19 )

for a moving merge, is described by

-Kt

P(t)=1-e (21)

then the rate of successful moving merges is
Q0 a _ a-1 -aqt
& -Kt, |(ag) t
u=q 'I“r (1-& )[ (a- 1)! ]dt

, . A .
[-aqT Zl (4_)_ _(ag)* e'(anfK)TaZ [(aqmm;]

i=0 : (aq+K)? i=0 X

(25)
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and the rate of unsuccessful moving merges is

a a-1 4
= T ¢ la 13
uy=q ._Eﬂl_.T o~ (aqtK) ) (¢ _ﬂ"M (26)
(aq + K) . n=0 o
When the indicated derivatives are evaluated and employed in Eq. (21)

then algebraic manipulations yields

g e BUKIT 351 1204K)? (aq)® - (2q+K)® (aq)*] T
(aq + K)zl n=0 n!

Ko =

(27)
as the equation from which the optimum threshold settings are obtained,

subject to the constraints T > 0. Since this equation is of the form

=1
hy=A ey i t Gy (28)
n=0
and
Cn> 0 for every n (29)
the sum
-1 s
ZZJ C,T >0 for T >0 (30)
n=

In addition, the derivative of the expression

a-1
fP)= A e BT B (31)
n=0
is
: a-1
f'(T) = -K (aq+ K)* |e BT 5 (aqT)"
n=0 n!
(32)

Inspection of this quantity, with'B = aq + K reveals that f' (T) is
negative for all positive T. Therefore, f(T) is monotonic decreas-
ing for T > 0. Based upon this, it is concluded that a unique optimum

solution for the controller threshold T exists. That value is zero when
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1
(aq + K)*

Ho2a [ag + K)* - (aq)*] C(33)

and the positive number Topt , obtained as the solution to Eq. (27),

otherwise.

With To evaluated as described above, the control policy is

pt

specified next, In particular, when the sum of the volume on the freeway
and the demand on the ramp does not exceed the volume limitation for

freeway, a threshold of 'I‘o is used for the ramp., This insures the

pt
highest possible service rate for demand on the ramp and results in
minimum expected delay, minimum expected queue length, etc. When
the sum of the freeway volume and ramp demand exceed the limitation, a
t is not acceptable. Instead a threshold .Tc must be

employed such that the sum of the freeway volume and the served portion

threshold of T
op

of the demand equals the volume limitation,

At this point it is necessary to consider more exactly the hereto-
for« undefined quantities of freeway volume, ramp service and volumetric
limitztion. For this purpose it is noted that experience ('and traffic flow
theory)zoindicate that the short term production of any given point on a
freeway cannot exceed some upper bound Q, pf approximately 2000 vehicles
per hour) without significant risk of breakdown in the flow of traffic.

Thus the T A minute running average of flow past a critical point must

be limited to approximately QT , vehicles. * When this short term average
volume is below the specified capacity limit, it is possible to admit additional
vehicles from the ramp into the stream, provided that the running average

of the sum remains below the critical value, Thus the average ramp

service is limited to at most the difference between the limiting and actual

average volumes,

depending upoh the facility
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Many solutions are possible to the controller design problem that
satisfy the above restriction. One such possibility allows the threshold.
to be set at Topt , provided the restriction is met, and inhibits all
merging otherwise. By this process all available roadway capacity is
used as quickly as possible, and additional waiting vehicles are inserted
into gaps as additional room for single vehicles arises. This solution,
when associated with the limit condition in which To 5 equals zero,
becomes the capacity adjusted metering system. o %2

A second approach to the controller design problem involves the
gradual adjustment of the threshold as a function of freeway volume, This
technique has the usual advantage associated with smooth variation in con-
troller policy and likewise, it has the added limitation associated with
smoothing - extra delay. In particular, the first policy carries the risk of
inserting an acceptable averaged number of vehicles into the stream too
quickly (thus causing an avoidable breakdown) while the second policy in-

cludes the risk of adjusting too slowly (thus overloading the stream).

Summary

The analysis presented above is based upon use of a Markov
system model with slowly varying parameters. This assumption is pre-
dicated on exper‘i.mental results that indiéate the variational time for the
model parameters is between one and two orders of magnitude longer than
the response times of the system (i.e., a control system response time on
the order of 30 seconds ¥ vs. a variational demand time on the order of one
hour)ls. In addition, .th‘e optimal control policy is derived by relating the
stationary optimum to an experimentally derived characterization of the
freeway flow process, with the added implied assumption that the time be-
tween the release of a vehicle and the time that vehi‘cle reaches the merge

zone is negligible, When this last assumption is not valid, the expected
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time to complete a merge is increased by t, and the expected hourly
service capacity is reduced from p' to p*/(1 + u'ta). However, the

evaluation of ’I‘Q is independent of this condition, and the controller

pt
designs consideration remain unchanged.

Although To is a function of q which in turn varies with

pt
time, it is possible to implement a controller in which a single value is
selected for the threshold, (by assuming Topt is a cdnstant); or it is
possible to let the threshold vary as a predetermine? function of time
(by assuming q is a known function of time); or it is possible to vary

the threshold to reflect the measured value of q . Experiments with
various values of threshold setting T have been performed on several
of the ramps on the Gulf Freeway and empirical fixed threshold settings
of approximately 3-5 seconds have proven to be acceptable. This mode
of operation has come to be known as the Gap Acceptance Mode. In ad-
dition, with the threshold set to zero, the short term averaged volume
restriction has been employed for merge control. This mode is known
as the Demand-Capacity mode.

In both of the above modes significant improvements have been
observed on the Gulf Freeway. These include23 a 10% increase in rush
hour volume; a speed increase of 30% during the rush hour; a reduction in
the average travel time from 16 to 11 minutes for the 5 mile test section,
a reduction from 145 to 75 in the yearly number of accidents; and, not a
single ramp accident has occured during the two years that control has

been in effect on the Telegraph Road Interchange inbound entrance ramp.
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Merge Zone outside lane

Figure |

Figure 1 A Schematic Representation of a Freeway Merge Zone for
for an Entrance Ramp.

Figure 2 A Markov Model for the Merge Process
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Figure 3  The Mean of a Time Dependent Piosson Process Used to
Characterize the Ramp Arrival Process.
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Figure 4b The Time-Dependent FPreeway Volume
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