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SUMMARY

This thesis is concerned with the problem
of rostering operating crews for a city transport-
ation system and in particular with the mathematical
formulation of constructing an automated week day

operator's roster.

The problem of constructing late p.m.
straight shifts is discussed and formulated as a
heuristic programme. Methods for forming straight
shifts consisting of two or three pieces of work

are derived.

The other problem considered is the formu-
lation of a basic framework which defines the
structure of the a.m. straight shifts and broken
shiftse. A technigque for classifying the type of
shifts necessary over the off-peak period is also

discussed.
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CHAPTER I
INTRODUCTION

The movement of vehicles amd the allocation of duties
of operating staff of many transport industries must be
planned in advance. A time-table defines the vehicle move-
ment and a roster specifies the duties.

The logical sequence in which bus operations are
usually planned is as follows. First, the time-table is
developed from consideration of desirable route structure,
public demand, capital available for investment in equipment
and operations and the policy to be adopted in meeting the
demand and carrying out the operations.

When the time-~table is developed and rules for
operation have been formulated it is possible to produce a
schedule of shif ts to be worked by the drivers and conductors.

An operator shift schedule is determined by run-
cutting. It is necessary to cut the runs defined by the
time-table into pieces of work which can be combined to form
man-shifts. The two usual types of shift allowed are
broken and straight shifts. A broken shift consists of
two pieces of work, one covering the a.m. peak period and
the other covering the p.m. peak period. A straight shift
however consists of one piece of work broken only to allow

time f'or a crib or meal.
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For a large transportation enterprise, the schedul-
ing problem is very formidable and although data processing
techniques are commonly used as an aid in the preparation of
time-tables and rosters, only little progress has been
reported in the completely automated preparation of the
operator's week-day roster. A significant challenge is to
construct a computer programme which will produce in a short
time schedules which are better or at least as good as those
constructed by the schedule officers. These men base their
methods on years of experience and their knowledge is hard
to define explicitly and hard to surpass.

There is very little literature available on the
automatic construction of daily work rosters. Elias [2],
[3] describes a computef simula tion of clerical procedures
used by a few American Transit Companies with mixed success.
Martinello ard Biffignandi [9] report on the computer pro-
cedure used in Turin and ﬁbss [10] describes the use in
Hamburg of a mathematical technigue which ensures, if poss-
ible, that shifts consisting of two sections satisfy the
regulations governing working conditions.

This thesis describes methods used to prepare an
automated operator's week-day roster for the bus system in

the city of Adelaide.®

# A description of this bus system and the agreements which
mus t be satisfied is given in Appendix I.
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The following steps are used in the run-cutting
procedure:

(1) construction of the late finishing straight work
schedule ;

(2) calculation of the minimum number and type of work
schedules necessary to man runs left from (1) ;

(3) construction of morning straight work schedules ;

(4) allocation of the remaining duty to broken work
schedules.

The construction of the late finishing straight-work

schedules, i.e. p.m. straight shifts, can be divided into

the following stages:

(i) grouping the runs so that the minimum number of extra
men are needed to cover the crib periods;
(ii) forming late operators' shifts consisting of two

pieces of work;

(iii) forming late operators' shifts consisting of three

pieces of work.

The contents of the chapters of this thesis are as
follows. In Chapter 2 the problem of choosing the least
number of men to cover the late operator cribs is formulat-
ed and a sequential stepping algorithm is discussed. The
computer preparation of completed p.m. straight shifts
consisting of two or three pieces of work is described in

Chapters 3 and L.
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The assessment of the number and type of staff

needed to cover the work left over from the preparations
of p.m. straight shifts is discussed in Chapter 5.

Chapter 6 contains the method used to produce the
most efficient off-peak roster.

The thesis is concluded with a short discussion

chapters



CHAPTER II

THE SEQUENTIAL STEPPING PROCEDURE

The agreement (8) of Appendix 1 states that opera-
tors must have a meal break or crib within five hours of
starting or finishing their duty. Therefore, if buses are
to be kept in continuous operation, provision must be made
for replacing men taking cribs or meal breaks. This can be
done economically by arranging for a man finishing a crib to
replace a man starting a crib. This second man at the end
of his crib would then replace an operator starting his crib,
and sO On. This procedure is termed sequential stepping

and is illustrated in figure 2.1,

2.7 Use of Broken Shift Operators

An important consideration in sequential stepping
is the use of broken shift men (illustrated in figure 2.2).
Provided that the crib of a straight shift operator does not
finish after the time limit of agreement (29) for broken
shifts, viz. 8 p.m., the crib of a straight shift operator
can be covered by a broken shift operator before he goes off
dutys However, if the straight shif't crib ended later than
the 1imit of broken shifts, it would have to be covered by a
straight shift driver. Use of broken shift men to cover
cribs facilitates preparation of rosters, and the sequential
stepping procedure is started for runs in which the crib

ends after the broken shift limit.
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2.2 Classification of the Segquential Groups

The considerations given above lead to the require-
ment that the initial problems in schedule mechanization
shall be the formation of groups of sequentially stepped
runs for the evening straight shifts.

Bus runs are divided into three groups depending
on the proximity of their relief points to the three depots
as follows:-

Group A:

Runs with Hackney relief points (relief points 1,2)
Group B:

Runs with Port relief points (relief points 14,15,...,20)
Group C:

Runs with City relief points (relief points 5,6,...,13).

The number of steps in a sequential group is limited
on account of the length of crib and that there is a minimum
amount of duty which must be paid for in a straight shift.
In practice there are never more than nine steps. The
smallest number of groups possible so far has been found to
be 14. (The fewer the groups the less extra men needed to
be rostered to cover the p.m. straight shift cribs).

2,3 Selection of the Initial Relief Time

The first task in sequential stepping is to find
the relief time for the run on which the first group of

steps will be based. The following conditions must be met:



Te
(i) the point at which it is intended to relieve the
operator must be one of the specified relief
points for the group being considered,
i.es TPnin,n < TP1j < TPnax,n (2.3.1)
where IPpin,n: sSmallest relief point specified
for group m,
I'Pnax,n: largest relief point specified
for group m,
m=1,2,e00,14 ;3
(ii) the relief time, rt;;, associated with the
relief point rp;; defined in (2.3.1) must be
such that the remainder of the shift including
the sign off allowance does not exceed the five
hour maximum of agreement (8) ,
ices. rtyy > aty + SOF - 300 + ttea,rp,; (2.3.2)
where SOF = 25 mins., from the agreement (2U4)
and cd 1is the depot closest to 1rpyj s
(iii) the relief time, rt;y, must be later than the
latest sign off time of a broken shift operator,
i.e. rtyy; > 8 p.m. - SOF, (2.3.3)
where ©SOF, = 15 + ttcd'rplj, from the agreement
(26).
Let A(i) ©be g list of first relief times of runs
which satisfy the equations (2.3.1), (2.3.2) and (2.3.3),

where 1 1is a count of such runs.
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Thus when the list A has been completed, the
earliest time is selected as the initial relief time of the
first group, i.e. define relief time, rt,, of the initial
run, rn,, by

rt, = min A(i) (2.3.4)
i

where 2z 1is the position of this run in 1list Ljjke.

If there is a run which satisfies equations
(2.3+1) and (2.3.2) but not equation (2.3.3) its crib can be
covered by a broken shift operator.

The values of rt;;, rp;y and rngy for the runs
satisfying equations (2.3.1) and (2.3.2) are stored in
JT(¢), JP(¢), JG(¢) respectively where £ 1is a count of
all such runs.

A flow diagram setting out the logic used is shown
in figure 2.3,

2.4 Construction of the First Sequential Group

Having selected the initial relief time, the next

stage is to set up the sequential group associated with
this relief time. Runs which meet the following conditions
are possibilities for the second run of the first sequent-
ial group:

(i) the point at which it is intended to relieve the
operator must be one of the specified relief points for the
group being considered,

i.e. Pnin,m S P13y € TPmax,n ; (2'u°1)
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(ii) the length of the crib must be greater than the
minimum allowable crib time plus the time needed to travel
from the relief point of the first run to the nearest depot
plus the time needed to travel from this depot to the
relief point on the second run,

i.es Tty - rty, > ct + tt + tt (2.4.2)
Cd,rpz cd,rle

where c¢t = 20 mins., from the agreement (10);

(iii) the run must not be one of those already chosen
for relief by broken shift runs, or already used. Once
a run has been used, a switching device defined by the
function irn; 1is used, where

irn, < 1012%: Dbus 1 has not been used

(2.4.3)
irn; > 101%; bus i has been used.
Initially irny = rn;y and irn; 1is set equal to
rn; + 10*2® when bus 1 has been used;

(iv) in order that the maximum number of runs may be
used to form a sequential group it was found that those
runs which end relatively early, should not be used at the
beginning of the sequential group,

i.e. if b =2 then aty > £1t, (2.4.4)
where {(t, 1is the latest sign off time for runs in group m.
It should be noted that this time ¢ty 1is completely arb-

itrary and may be varied from one group of sequential runs

to another.
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Let B(i) %be a list of the first relief times,
rtyj, of runs which satisfy the eguations (2.4.1), (2.4.2),
(2.4.4), where 1 is a count of all such runs.

When the 1list B has been completed, the earliest
time is selected as the second relief time of the first
group.

i.e. define relief time, rty, of the next run, rny, by

rny, = min B(i)
i

where y gives the position of the run in list Lk

The next step is to identify the third relief point.
This is done by replacing the relief time and relief point
of the first run by the corresponding quantities for the
second run and repeating the procedure @bove except that
equation (2.4.4) need not be satisfied. With the third
relief point identified there is no difficulty in obtaining
the fourth and later relief points by further iterations of
the same process. Indeed, the problem is not how to go on,
but when to stop and this problem is dealt with in the next
section.
2.4.1 Identification of the Final Run

One unwritten agreement that the M.T.T. has with the
Union is that the latest starting time for a Port operator's
crib is 9.15 p.m. and for a Hackney operator's crib is
10.00 p.m.,
i.e. 1275 mins. if Port operator

tet = { (24L4e5)

1320 mins. if Hackney operator.
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Thus as soon as rt, 1is greater than one of these
two values, depending at which depot the operator signs off,
the process must stop. However it is sometimes possible
to combine runs as illustrated in figure 2.4. Operator on
run 1 transfers to run 2 where the time between the two
relief points may be less than the crib allowance. Never-
the-less, it is possible to break run 1 at such a time
before the time limit for broken shift operators and the
length of the work is still less than the maximum of five
hours.

2.5 Procedure for Ending the First Sequential Group

Let the last relief time before <£{ct, found by the
method described previously,be rty and its corresponding
run number and relief point be rn,,rpy respectively.

For any run i, not already used by the sequential
stepping it may be possible to find a time rt;; and
relief point rp;j; satisfying the following conditions:

rPnin,n € TPty € TDmax,n (2.5.1)

and Pty = T § ttrpg,rp (2.5.2)

where ttrpx,rplj is the time needed to travel between
the relief points rpy and rpjj.

However the following conditions must also be
satisfied by some relief time, rtyy, and relief point rp;j

on run rny:
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rty g < aty + SOF - (300 - 7) (2.5.3)
where SOF = 25 mins., by the agreement (24)
and 7 = min(tt , tt 5, G )
1,PPx3 2,YDxy  3sTPxy
Tty é 8 p.m. - SOF, (2.5.4)

A
where SOF, = 15 + 7, Dby the agreement (26) ;

rPnin,n € TPxy < Pnax,me (2.5.5)

Let B(i) De a list of the first relief times of
runs satisfying equations (2.5.3), (2.5.4) and (2.5.5).

When list B has been completed, the earliest time
is selected. This time then is the value of rty and
this procedure is repeated until no run can be found
satisfying the equations (2.5.3), (2.5.4) and (2.5.5);
the last such run found is the final run in the sequential
group. The next stage is to form the remaining sequential
groupse.

2.6 Construction of Further Sequential Groups

The 1ist of first relief times i.e. A(i), in
which the values corresponding to the runs already used
have been removed, is examined and the earliest time at a
relief point within a specified range is selected. Then
using the same procedures as before,another sequential
group is constructed.

This logic is used to form all the groups.

Two groups of Hackney runs were initially formed, then five

Port groups and finally seven City groups.
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2.7 Summary of Results
Denote the grouping of the runs formed by sequential
stepping thus,
G(i,3) ¢ 3** run number in the i*® group (247.1)

7(i,3) relief time at which the j*? run in ith

group was broken (2.7.2)

P(i,j) : relief point corresponding to T(i,j). (2.7.3)
A flow diagram setting out the logic used in the group
construction is shown in f igure 2.5. A set of results

obtained from the computer are shown in Tables 1(a) and 1(b).



£8P &
L= e, mig®? M )= :“;‘ rty . P mox ,m Tore
v
co T 13 Y
co To 1B
. N L Co 1o
R A ) 3-\-\ ‘f
Y
)
HAG
Y CO TO \@ reye A ﬁ%L\iF -
B) =10% L=N? POINT WHICH ENABL ~ el e co T
© - TO HAVE T® CRB B =AT
N ED BY A B
MAN P
L= L) Co 0 ©
N
T2 b tt N
beret co,mp e 2 Let? com R co iz
£ v
o Y
Y AT 1S THE TIME CHOSEN
| Y IN THE. PPEVIOUS STEP OF
B = AT 2rl et ° SEQUENTIAL STEPPING
d CORRESFONDNG RUN
CO TO 14 N co To 12
\’PZ = ‘—P% [ala) Q +\On
e LA . y = ray GO TO &
rty mn® (L) "7 FIND  rpy, rny :&: " 1::3 Al =lon
¢
AVE. ALL N
HAVE COMPLETED GRO - co 10 N
ABSOCIATED VITH M PLACD A = sl FICURE 23
E O

FlIcLae 2B THE LOCIC FOR THE CONQTRUCTION OF THE SOEQUENTIAL GROUPS



GROUP RUN RELIEF RELIEF RELIEF

NUMBER _NUMBER ___ TIUE POINT GROUP
1 337 19. 42 2 HACKNEY
182 20 13 2
142 20 Ub 2
184 21 13 1
327 21 L7 2
5 22 19 2
187 22 55 1
2 319 20 24 2 HACKNEY

183 20 50 2
336 21 28 1
103 21 58 1
1 22 39 2
7 23 03 2

3 389 19 U7 15 PORT
L26 20 1L 15
27 20 39 15
388 21 06 15
06 21 28 13
386 21 51 15
LO7 22 18 15
u75 22 L1 20
30 23 01 17

L 396 19 56 15 PORT
L08 20 30 15
405 20 57 15
397 21 24 15
391 22 00 15
L23 22 L5 15

5 n12 20 7 14 PORT
472 20 L1 20
392 21 15 15
395 29 L2 15
nu17 23 3 15

6 257 19 L8 19 PRT
31 20 31 17
76 21 01 17
401 21 33 15
61 22 01 17
2h2 22 28 19

7 L01 19 L8 16 PRT
62 20 18 16
70 20 L6 17
71 21 16 17
57 21 L6 17
65 22 31 17

TABLE I(a).



GROUP RUN RELIEF RELIEF RELIEF

NUMBER NUMBER TIME POINT GROUP
8 566 19 59 9 CITY
568 20 37 9
503% 21 07 9
565 21 37 9
253 22 14 11
9 507 20 7 9 CITY
508 20 L7 9
564 21 17 9
506 21 L7 9
567 22 17 9
10 28 19 50 10 CITY
i 20 23 5
62 20 51 9
251 21 30 11
563 22 06 8
o, 22 56 5
11 93 20 08 5 CITY
L 20 35 13
121 21 41 5
125 21 U 5
122 22 13 6
12 98 19 53 5 CITY
297 20 2L 14
29l 24 0L 11
326 291 58 8
504 22 32 7
13 272 19 59 10 CITY
27% 20 39 10
118 21 28 6
28l 22 01 11
n 2l 20 10 10 CITY
277 20 56 10
505 21 35 7

RUNS 144,145,179,180 ARE COVERED BY BROKEN SHIFT
MEN.

TABLE I(Db).



I
CHAPTER III

COMPLETION OF STRAIGHT SHIFTS -~ TWO PIECES OF WORK

3.1 Introduction

The aim of Chapter III is to indicate how p.m,
straight shifts are formed by adding pieces of work to
those chosen by the Sequential Stepping procedure. This
addition is. most desirable as one extra piece of work but
two or even three pieces may be needed to form a shift of
acceptable length.

Figure 2.1 illustrates the various types of runs in
a sequential group, viz., first, last and intermediate runs.
Different algorithms are used to complete the p.m. straight
shifts depending on the type of run ending the shift.
3.2 Notation

The essence of forming straight shifts is the splitt-
ing up of each bus run into several pieces of work and re-
combining the pieces into shifts satisfying the agreements.
The following data must be known for each piece of work:

(i) the run number,
(ii) the start and finish times,
(1iii) the start and finish places.

Let Rn,, Rn,, Rng,... define the run numbers of

the first, second, third,... pieces of work needed to com-

plete a straight shift.
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Let T,;,T, be the start and finish times for run Rn, and
P,,P, be the start and finish places for run Rn, .
Similarly
let T,,T3 be the start and finish times for run Rn; and
P,,Ps be the start and finish places for run Rng,etc.
Thus a p.m. straight shift consisting of two pieces
of work is completely defined when T,,T3,T2,T41,P,sP3sP2,P4»
Rn, ,Rng; and allowances for signing off, signing on and
travelling are known. Such a shift is illustrated in
figure 3.1, Similarly a p.m. straight shift consisting
of three pieces of work is completely defined when Tg,T5,T,,
T3,T2,T4,PgsPssP, sP3sPs,P4,Rng,Rn3,Rn, and corresponding
allowances are known.

3.3 Clagsification of Shifts

Various types of shifts are formed depending on the

position of the runs in the sequential groups.
(i) Shifts with one run number defined.

The first and last run in each sequential group
have only one piece of work defined as indicated in figures
3.2(a) and 3.2(b). Let the shifts which are formed from
runs depicted in figure 3.2(a) be called F type shifts.
The following variables for I type shifts are already

known

Rn, = G(X,1)

T, time bus with run number G(X,1) returns to depot
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P, = arrival depot
T = T(K,1)
P, = P(K,1).
Let the shifts which are formed from runs depicted
in figure 3.2(b) be called L type shifts.

The following variables for L +type shifts are already

defined:
Rn, = G(X,L)
T, = T(X,L)
P, = P(X,L)

K =1,2,ece,14

I, is number of runs in Group K.
A method for finding values of T, and Pz for L type
shifts is described in a later section.

To complete F or L +type shifts one or two new
pieces of work must be chosen. An algorithm for choosing
suitable new pieces is given in section 3.8.

(ii) Shifts with two run numbers defined.

Intermediate runs in the sequential groups have
two pieces of work defined as illustrated in figures 3.3(a)
and 3.3(b). Let the shifts which are formed from runs
depicted in figure 3.3(a) be called I; type shifts.

The following variables for I, type shifts are already

defined:
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Rn, = G(K,r+1) s K = 1,2,00e,14; 2 <2+ 1<1L
P, = arrival depot

T, = depot arrival time for bus with run number Rn,

T, = T(X,r+1) , K =1,2,000,94; 2<2r+1<L
P, = P(K,r+1) y K = 1,24000,1h; 2 <1+ 1 < L(3:.3.1)
Ts = T(K,r) y, K=1,2,000,14; 1 €T <L
P;s = P(X,r) , K =1,2,e00,14; 1 €r <L
Rnz = G(K,r) , K =1,2,e0e,1lt; 1 < r < L.

Let the shifts which are formed from runs depicted
in figure 3.3(b) be called I, type shifts.
The variables for the I, type shifts are defined by the
equation (3.3.¢71). |

Values for T, and P, must be found for both I,
and I, type shifts. The method for doing this is
described later in this chapter.

I, type shifts must have at least one new piece of
work chosen whereas I, types may or may not need an extra
piece of work to be complete shifts.

3.4 T,,P, Values -— L Type Shifts

It was mentioned in Chapter II that the last runs
in a sequential group have a crib prior to the time Tj.
Since these runs end at approximately 10.30 p.m. and the
agreement (28) specifies a maximum of five hours work after
a crib, the earliest time that a crib could be taken would
be approximately 5.30 p.m., i.e. the crib would fall during

the p.m. peak period. This is undesirable, therefore T,
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is chosen as the most appropriate time after the peak, i.e.
after 6.30 p.m.
Let Ty’ and Py’ be the first relief time and
its corresponding relief point on the run with run number

Rn, such that #

8 p.me = SOF > T,/ > 6.30 p.m. (3eltel)
Py’ = 'a' (3.4.2)
where B8OF = 15 + tt / by the agreement (26).
C,Ps

The values of Ty! and Py’ satisfying equations (3.4.71)
and (3.4.2) are defined to be the T, and P, values for
the L type shiftse.
3.4+1 Residues

When the run with run number Rn, is cut at Tg,
the residual work on this run is stored in the array D

where:
Dgq =1 1i.e. the position of the run in the list

Lyyx (see Appendix 2)

B Px = a'

means

(i) P4 must be a Hackney relief point if there are any
on the run, if not
(ii) Py must be a Port relief point if there are any
on the run, if not
(1ii) Py must be a City relief point if there are any on
on the run.

[This order of choice simplifies the formation of the

broken shifts. ]
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Dge = Ty
Dgs = Pg
£ = 1,2,000
where ( 1is a count of the number of residual pieces of
wWork.

3-5 TL !PL Values - Ii Ty‘pe Shifts

When values for T, and P, are defined for I,
type shifts, a completed p.m. straight shift may have been
formed, i.e. the length of the shift is greater than 8&
hours.

Let t, = T, + SOF - 540 (3.5.1)
i.e« t; 1is the earliest starting time of the shift,
ensuring that its length is less than the 9 hours mentioned
in the agreement (7).

Let t, = Tg + tt - 300 (3.5.2)
where tt 1is the time needed to travel from P; to its
nearest depot. Thus tz 1s the earliest starting time
for the shift, ensuring that the length of the piece of
work before the crib is less than the 5 hours mentioned in
the agreement (8).

Let t = max(t,,ts). (3.5.3)
For a wvalid shift, T, must satisfy

T, > t + SON (3.5.4)

where the signing on allowance, SON, depends on
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(i) whether the bus is 2 man or 1 man operated, or
(ii) whether P, is a relief point or a depot, or
(iii) whether the operator has to obtain a ticket outfit
before the commencement of the shift or between T,
and Tgz.
The appropriate value for SON is calculated from the
agreement (14).
Since P, is a depot for all I; type shifts,
SOF mentioned in equation (3.5.1) has the value 25 mins.,
defined by the agreement (24).
For a valid shift, P, must satisfy®

P(, . Pio (355‘5)

The actusl values of SON, mentioned in equation (3.5.4),

# Py ~ Py means either
(i)P, is the same depot as Py (3.5.6)
or (ii)Py, belongs to the group of relief points closest
to Py
or (iii)Py belongs to the group of relief points closest
to Py

[If Py, is a Port relief point or Port depot, Py ~ Py 1is
extended to mean:

P, is initially tested to see if it satisfies any of
the conditions given in (3.5.6); if it does
not then P, may be Hackney depot or a Hack-
ney relief point and all allowances assoclated
with P, are increased by 50 mins., i.e. the
travel time from Port Adelaide to Hackney. ]
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are
(i) 20 mins if P, is a depot; from the
agreement (24) (3.5.7)
(ii) 10 + ttC’P‘ if P, is a relief point;

from the agreement (26) (3.5.8)
where C 1is the depot ~ P,

If the departure time, TD’ and departure depot, PD'
for the run with run number Rn, satisfy the equations
(3+5.4) and (3.5.5) the T, and P, values for I, type

shifts are defined to be T and P respectively.

D D

If T, satisfies
T, - SON> t + 45 (3.5.9)
it is possible that a third piece of work may be added to
produce a shift approximately nine hours in length. The
procedure for finding such third pieces of work, if they
exist, is discussed in Chapter L.

If the equation (3.5.9) is not satisfied then the
I, type shift is completely defined.

However if TD and PD do not satisfy the
equations (3.5.4) and (3.5.5), let T,’ be the first time
and P,’ the corresponding relief point satisfying these
equations. For maximum service to the public, men are
rostered so that they work as much of the p.m. peak as
possible. This means that shifts starting between

5.10 p.m. and 6.30 p.m. are not permitted, i.e. if
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T,/ < 5.10 pe.m. (3.5.10)
the T, _and P, wvalues for I, type shifts are defined
to be T,/ and P,’ respectively. If T, does not
satisfy equation (3.5.9), the shift is considered complete,
otherwise a search for a third piece of work must be made.
If the equation (3.5.10) is not satisfied by T,', a value
for T,, mnot falling in the peak period, must be found.

Let T,"” %bve the first time and P,” 1its correspond-

ing relief point satisfying the following conditions:

TL” Z 6.30 Pele. (305.11)
T,” < 8 pems - SOF (3.5.12)
PL” = 'a' (305013)

where SOF is calculated from the agreement (26).

When values of T,” and P,"” are found satisfying
the equations (3.5.11) .to (3.5.13), these values are taken
as the T, and P, values for the I, type shifts.

3.6 T,,P, Values - I, Type Shifts

Since no crib was allowed between the times Tz; and
Tey, 1t must be given prior to the time T,. Therefore all
I, +type shifts must consist of at least three pieces of
work.

Let T, %ve the first time and P, its correspond-
ing relief point satisfying the equations (3.5.11), (3.5.12),
(3.5.13), then the T, and P, values for I, type

shifts are defined to be T,” and P,” respectively.
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3.7 Residues
When P, is a relief point, there is residual work
left on the run with run number Rng. This work is stored
in the array D defined thus:
D;, = i, where i is the position of the run in list Ljx
Dge = T,
Dgs = P, /
 E 1;2,...
where { is a count of the number of residual pieces.
The flow chart in figure 3.l indicates the method used for
finding the T, and P, values for I, and I, type
shifts.
3.8 Fixed Runs
Some runs on the original headway sheet have no

associated list of relief times. These are called fixed
work runs because the work defined by:

(i) the depot arrival time and the corresponding depot,

(ii) the depot departure time and the corresponding depot,
cannot be cut at any relief point. Such runs could have
been included in Ljyyx with nty = 0, but it is more
convenient to consider them separately and d efine them
using the array B discussed in Appendix 2.

%9 Second Piece of_Work = L» and F Type Shifts

Values of T,,P,,T3,Ps and Rnp which define the
second piece of work for these shifts must be determined.
Possible pieces of work may be contained in the arrays

B and D,
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3.9.1 "Suitable" Fixed Runs

Each run in B is tested for "suitability".
Suppose the j*® run is being tested. The variables
T"P"T3’P3’TCL’PCL and Rny for this run are defined as
follows:

TL sz! Pl.. =BJS’ an = Bji, TS = BJL’

(3.9.1)

Ps = Bys,T Bjss P Byo

cL T oL

where TCL igs the time that the conductor leaves the bus

and PCL is the corresponding relief point.
Allowance must be made for the operator to obtain a ticket
outfit between the times Tz and T, 1if the following
conditions hold:
Tg < Ty, (3.9.2)
Py ~ P,. (3.9.3)
Most fixed work buses automatically satisfy these equations
because the conductor returns to depot with the bus.
Let Ag; be the minimum permissible period between
Ts and T, viz:
Az = ct + S0P, + ttCD,PZ (3.9.4)
where ¢t is the crib allowance defined by the agreement (10),
CD is the depot nearest the relief point Py,
SOF, 1is the sign off allowance defined by the agree-
ment (17).
If an outfit is to be collected between the times T3 and

T.,, A; must be increased by 5 minutes and the sign on
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allowance must be reduced by 10 minutes thereby satisfying
the agreement (20).
The values of t; and t; for these shifts are
calculated by:
t, = Ty + SOF - 540 (349.5)
tz = T3 + SOF, - 300 (3.9.6)
where SOF 1is the sign off allowance defined by the
agreement (24).
The earliest possible starting time, t, satisfies
the condition:
t = max(t;,ts). (3.9.7)
The J*® vrun in 1list B is considered "suitable" if the
values T,,P,,T3,P3 defined by the equation (3.9.1)

satisfy the following conditions:

T, - SON > t (3.9.8)

Te < 5.10 pem. (3.9.9)

6 peme € Tg € Ty - Ay (3+49.10)
Py ~ Py (3.9.11)

P, ~ P, (3+9.12)

where SON is calculated from either equation (3.5.7) or
(3.5.8).

349.2 M"Suitable" Residual Runs

Each run in D is tested for "suitability".
Suppose the J'® run in D is being tested. The
variables n,Tx,Px,Ta,Pa,TCL,PCL and Rn, for this run
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are defined as follows:
n=Dy3, Px =Ln,.7,05 Ty = Ln,-s,0s Rng = Ly ,-9,05

(3.9.13)

Ts = Dyzy Ps = Dysy Typ, = Ln,-2,05 Por, = In,-1,09
where n 1is the position of this run in the list Lyyke
The allowance Ay, permitted between T; and Ty, is
calculated from the equation (3.9.4) and is increased by
5 minutes if the equations (3.9.2) and (3.9.3) are
satisfied. The earliest starting time, t, is calculated
from the equations (3.9.5), (3.9.6) and (3.9.7) where
SOF, 1is defined by the agreement (22).

The j'® run in list D is considered "suitable"
if its values of T; and P, satisfy the equations
(3.9.8) to (3.9.11). Thevalues of T, and P, are then
taken as Ty and P, respectively.

If Ty and P, satisfy equations (3.9.9) to
(3.9.11) only, it may still be_possible to cut the run at
a suitable relief point.

Let Ty’ Dbe the first time and P,’ 1its corres-

ponding relief point which satisfy the following conditions:

Tx, - SON ? t (3.9-1)4-)
le ~ Py (3-9-'15)
Txl < Ta (3’9'16)

where SON is calculated from the agreement (20). Ifr
values of Ty’ and Py’ are found satisfying these equa-

tions the J'® run in list D is still considered
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"suitable" and the T,,P, values for the shift are defined
to be Ty’ and P,’ respectively.

34943 "Most Suitable" Run.

The "mcst suitable” run chosen from all "suitable"
runs in lists B and D 1is considered to be that run for
which the length of the second piece of work is a maximum,
i.es T3 - T, 1is a maximum.

If the shift length is now greater than 8& hours
the shift is said to be complete. However, if it is less
than 8& hours a third piece of work may be added to produce
a still feasible shift. The method for finding such third
pieces of work, if they exist, is discussed in the next
chapter;

Once a run from list B 1is added to a shift, it
may not be tested for "suitability" again.Although a portion
of a run from 1ist D may be added to a shift, the residual
work may still be reconsidered for "suitability". Therefore
if part of the j*® run in list D had been used, its
corresponding values for Dy, and Dys then satisfy:

Dje =T, |
(3.9.17)
Dys = Pr»
Agreement (31) implies that only limited runs from lists B
and D may be tested for "suitability" if P, 1is a Port
relief point or Port depot.

The flow chart used by the computer program to choose

the second piece of work for F and L type shifts is illus-

trated in Pigure 3.5.
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CHAPTER IV

COMPLETION OF STRATGHT SHIFTS ~ THREE PIECES OF WORK

Lhe1l Introduction

Third pieces of work may be chosen to complete the
following type shifts, L,F,I, and I. Each type of shift
will be treated separately and the method for choosing the
third piece of work will be discussed.

4.2 Third Piece of Work - I, Type Shifts

The form of an I, type shift consisting of three
pieces of work is illustrated in the figure L.1. The
values of Tg,Pe,Ts,Ps &and Rns which define the third
piece of work for this shift type must be determined for
the "most suitable" run.

Le2¢.1 "Suitable! Fixed Runs

Each run in list B is tested for "suitability".
Suppose the j*P run is being tested. The variables

TesPegsRNlg yTs s Ps s T and P for this run are defined as

CL CL

follows: . .
Te = Byzs Ps = Byg, Rng = Bys, Ts = By, (Le2e1)
Ps = Bys, TCL = Bya, PCL = Bjge
Allowance must be made for the operator to obtain his
ticket outfit between the times Ts and T, if these
times satisfy the relations:
Ts < Tgr (4e2.2)

Py ~ Pye (Le2.3)
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Let A; VDe the minimum period allowed between the times
Ty and T,. The value of A; is calculated using the
condition:

Ay = SOF; + ttp,p, (L4e2.4)
where SO0F; 1s the sign off allowance, determined by the
agreement (17), for the run with run number Rng, and CD
is the depot nearest the relief point P,. If the equations
(4e2.2) and (4.2.3) are satisfied, A; is increased by
5 minutes and the sign on allowance is reduced by 10
minutes, thereby satisfying the agreement (20).

The earliest starting time of the shift allowed by
the agreement (7) is ty, and the earliest starting time
of the shift allowed by the asgreement (8) is t,. The
values of t, and tp; for this shift are calculated by:

t, = T, + SOF - 540 (4.2.5)

ty = Ty + bt - 300 (4.2.6)

C,Ps
where C 1is the depot nearest Pz and SOF 1s the sign
off allowance for the run with the run number Rn,.
The earliest possible starting time, t, satisfies
the condition:
t = max (ty,tz). (4e2.7)

The J'® pun in list B is considered '"suitable'" if the

values Tg,Pg,Ts5,Ps defined by the equation (4.2.1) satisfy
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Tg - SON > t (L4.2.8)
Ts < T, - Ay (4e2.9)
Te < 5.10 pome (4.2.10)
Pg ~ P, (4ha2.11)
Ps ~ P, (Le2.12)

where B8SON is calculated from either equation (3.4.7) or
(3.4.8).
L.2.2 "Suitable" Residual Runs

Bach run in D 1is tested for "suitability".
Suppose the J*" pun in D is being tested. The
variables n,Px,Tx,Ts,P5,Rn3,T6,P6,TCL and PCL are
defined as follows:

n =Dyss Py =Ln,-7,09 Tx = Ln,-5,0s BNlg = Ln,-9,0
(4e2.13)

Ty = Djzs Py = DJS’ TCL = Ln,—z,o: PCL = Ln,—i,Oy

where n 1is the position of this run in the list Ligkge

The allowance Ay, permitted between T, Iand T,,
is calculated from the egquation (4.2.4). Since a crib is
not given between the times T5 and T,, no allowance
need be made for the operator to collect a ticket outfit
in this period. The earliest possible starting time, t,
for the shift is calculated from the equations (4.2.5),
(L4e2.6) and (4.2.7).

The j*® prun in D is considered "suitable" if

the values of Ty, Py, Ts &and Ps satisfy the equations
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(4e2.8) to (4.2.12) where SOF;, needed for calculating
Ay, 1is determined by the agreement (18). The values of
Te¢ and Pg are then defined to be T, and P; respect-
ively.

If the equations (L4.2.9) and (L4.2.12) are satisfied
but equation (4.2.8) is not, it may still be possible to
cut the j*® run at a suitable relief point and produce
a "suitable" run. Let T,/ be the first time with a
corresponding relief point Py’ which satisfy the follow-

ing conditions:

Ty! - SON > t (Le2.14)
Py! ~ P, (Lte2415)
L. g i (4.2.16)
Tye! < 5.10 pomes (4.2.17)

If there exist values of T,/ and Py’ which satisfy these
conditions, the Jj'P run in D is considered "suitable".
These values are then taken as the values of Tg and Pg
for the shift.

Le2.3 "Most Suitable" Run

The "most suitable" run is selected from all "suit-
able" runs contained in lists B and D, by the method
described in section 3.9.3, providing equation (3.9.17)
is replaced by

Dj=

]
H
o0

(4.2.18)
DJS = Ps.
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4e3 Third Piece of Work — I, Type Shifts
The form of an I, type shift consisting of three

pieces of work is illustrated in the_figure L.2.

The values for Tg,Pg,Ts5,Ps and Rng which define the
third piece of work for this shift type must be determined
for the "most suitable'" run.

Le3.1 "Suitable" Fixed Runs

Each run in list B is tested for "suitability".

ith
CIL and PCL for the J

run are calculated from the equation (4.2.1). If the

equations (4.2.2) and (4.2.3) are satisfied, allowance
must be made for the operator to collect a ticket outfit
between the times Ty and T,

The minimum period, A;, permitted between the times
Ts and Ty is defined by the following equation:
e, (4-3:1)

where c¢t 1is the crib allowance specified by agreement

Ay = ct + SOF; + tt

(10) and the SOFy, CD values are determined from section
Be241s
The values of t, and tz; for this shift are
calculated Dby:
t, = T, + SOF - 540 (4e3.2)
ty, = Ts + SOF; - 300 (L4e3.3)
where SOF,; is the sign off allowance for the run with
run number Rnge. The value of S0F, 1is determined by

agreement (17) or (418). The earliest possible starting
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time, t, satisfies the condition:
t = max(t,,ts) (Le34).
The Jj*® run in list B is considered "suitable" if the
values Tg,Ps,Ts,Ps satisfy the equations (4.2.8) to
(4e2.12)

L.3.2 "Suitable" Residual Runs

The method discussed in section 4.2.2, with equations
(4e2.44) to (4e2.7) replaced by the equations (L4.3.1) to
(4e3.4), is repeated to find the "suitable" runs contained
in list D.

If the equations (4.2.2) and (4.2.3) are satisfied,
Ay 1is increased by 5 minutes, whereas SON 1is reduced by
5 minutes if agreement (21) applies or it is reduced by
10 minutes if agreement (22) applies.

he3.3 "Most Suitable' Run

The "most suitable" run is selected from all
"suitable" runs, contained in lists B amd D, by the method
described in section L.2.3.

L.4 Third Piece of Work - L or F Type Shifts

The methol needed for choosing the "most suitable"
third piece of work for L or F type shifts is the same
as that discussed in section 4.2. If the equations (L4.2.2)
and (4.2.3) are satisfied by runs from both lists, allow-
ance must be made far the operator to collect a ticket

outfit.
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Le5 Completed P.M. Straight Shifts

Methods for finding straight shifts comprising two
or three pieces of work have now been discussed. If it
had been possible for the addition of yet a fourth piece
of work, and the shift still a feasible length, the method
described in this chapter could be extended to find a
"most suitable" run with a run number Rn,.

The flow chart used for the computer programme to
choose the third piece of work for the p.m. straight shifts

is illustrated in figure L.3.
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CHAPTER V

THE BASIC FRAMEWORK

5.1 Introduction

Having determined the staff needed to man the even-
ing services and to provide their late cribs, an assessment
of the men required for the remaining day's work must be
made. Thus, the number of broken operator and conductor
shifts, a.m. straight operator and conductor shifts, and
early p.m. straight operator and comductor shifts for each
depot must be determined. The construction of the basic
framework, which defines the number and type of shifts
needed to cover both peak periods; is discussed in this
chapter.

5.2 Conditions

The conditions which govern the staff requirement

are the following:
(i) TDroken shifts can not commence before 5.50 a.m.,
(5.2.1)
(ii) Dbroken shifts can not finish after 8 p.m., (5.2.2)
(iii) the spread of hours on a broken shift must not
exceed 12 hours. (5.2.3)

5.3 Sign-off Lists

A list of all sign off times for both operators am
conductors may be constructed from all runs which were

defined by the headway sheet and which were not used in a
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p.m. straight shift. If the run has been cut at a relief
point, the sign off allowance needed for calculating the
sign off time, is obtained from agreement (25) or (26).
The appropriate conductor's sign off allowance is also
calculated from these agreements. However, if either the
conductor or operator return to a depot travelling on a
bus, the sign off allowance has the value specified by the
agreement (23) or (24).

Any sign off time occurring before 5 p.m. is not
included in this list, because the piece of work ending at
this time does not cover the p.m. peak period.

Since agreement (28) requires all employees to sign
off and on at the same depot, six sub-lists are constructed
and defined in the following way:

group 1, denoted by C1j; increasing sign off list

for City operators,

group 2, denoted by C2j; increasing sign off list

for City comuctors,

group 3, denoted by C3j; increasing sign off list

for Port operators,

group L4, denoted by CLj; increasing sign off list

for Port conductors,

group 5, denoted by ChHj; increasing sign off list

for Hackney operators,

group 6, denoted by C6j; increasing sign off list

for Hackney conductors,
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where Jj = 1,2,¢ce,n;y and n; is the number of elements in
group 1.
5.4 Sign-on Lists

A corresponding list of sign on times for operators
and conductors may also be formed for the runs not used by
the p.me. straight shifts. The sign on allowance necessary
for calculating the sign on times of the conductors and
operators is obtained from agreement (15) or (19).

Any sign on time occurring after 9.30 a.m. is not
included in this list, because the piece of work starting
at this time does not cover the a.m. peak period.

The sub-lists corresponding to this 1list of sign on
times are defined as follows:

group 7, denoted by C7j; increasing sign on list

for City operators,

group 8, denoted by C8j; increasing sign on list

for City conductors,

group 9, denoted by C9j; increasing sign on list

for Port operators,

group 10,denoted by C10j; increasing sign on list

for Port conductors,

group 11,denoted by C11j; increasing sign on list

for Hackney operators,

group 12,denoted by C12j; increasing sign on list

for Hackney conductors,
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where j = 1,2,¢..,n; and n; is the number of elements in
group 1.

5.5 Pairing Sign-on and Sign-off Times

An ideal pairing situation would exist if there were
the same number of sign off times as sign on times in corr-
esponding sub-lists. Since this is not the case in practice,
allowance is made for adjusting the sign on and sign off
times, thus permitting a man to start his duty at one depot,
finish it at another depot or a relief point not associated
with this depot and then travel back to the sign on depot.
Allowance is also made for ''shandy'" shifts. These are
formed if a man is initially rostered as an operator but
inishes his duty as a conductor, or vice versa. When this
occurs the shift worked is classified as an operator's shift;
that is,paid at the higher rate. These allowances enable
each of the p.m. sub-lists a choice of two or four a.m. sub-
lists from which possible pairing may occur.

Table TI illustrates the order of preference,
allowed by the computer programme, for each p.m. sub-list.
5.5.1 Notation

Let the a.m. sub-lists to be tested against the p.m.
list, Cij, be denoted by Pgl, where k 1s the preference
Cij has for the a.m. list; i.e., k = 1,2,...,4; and
L = 1,2,00e,mg Where my is the number of elements in list

k
Pij.



’P.M. GROUPS POSSIBIE A.M. GROUPS
[IN ORDER OF PREFERENCE]
C13J C73 C83 C11jJ ci12j
c2j C8j C73 c123 c11j
C3J C93J C10j C11j c12j
CLj C10j C9jJ C123 Cc113
C5J Ci1j c12j - -
C6j c12j c11j - -

TABLE II
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5.5.2 Early p.m. Straight Shift and Broken Shift Structure

Let RT De the last sign off time in the p.m. sub-

list Cij, thus
RT = Cin, (5:5.1) .

The earliest possible starting time for a broken shift with
RT as its sign off time is 12 hours before RT.

If RT is greater than 8 p.m. then it must be the
sign off time of an early ending p.m. straight shift, since
condition (5.2.2) states that no broken shift may end after

8 peme. Let the last sign off time in list Pgl be RTk,

thus
RTy = Pify (5.5.2)
K = 1,2,0a09e
Since the spread of a broken shift must be less than
12 hours, RT and RTy will define the basic framework for
a broken shift, if
RT - 720 > RTy (5.5.3)
K= 1,2,0c0yle
Every sign on time in sz is less than RTgx, therefore
RT will not define a broken shift with any time in Pgl
if it does not with RTg. However, if RTyx has already
been used, the new value of RTyx 1is taken as the latest
unused sign on time in sz.
If RT does not satisfy the equation (5.5.3) for

any value of RTk, XK = 1,2,000,4, it must be the sign off
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time of an early ending p.m. straight shift. The basic
structure of a broken shift or an early p.m. straight shift
is produced from each element in the list Cij, where
1 = 1,2,00056; J =N1,01 1500076 Sometimes in practice,
there are more sign off times in a p.m. sub-list than there
are sign on times in the corresponding first preference
group. Suppose list C1j has 100 sign off times and P%l
has only 95 sign on times. If the previous procedure is
performed, the Lth sign off time in C1j may be paired
with the latest sign on time in Pgﬁ. Therefore a broken
shift with a spread of perhaps only 9 hours may be defined.
This means that when the pairing of late times in the p.m.
sub-list which has P as its first preference is attemp ted
with sign on times in P%Z, all the late sign on times may
have been unnecessarily paired with sign off in C1j. To
bprevent this from happening, the following procedure is used.
Let RT %be the latest unused sign off time in the
group Cij. If RT satisfies the following conditions:
RT - 720 < Piy (545.4)
where £ = 1,240,504
RT < 6 pom. (5+5.5),
let RTx be the smallest unused sign on time in list
Pgl, k =2,3,4. It is extremely likely that the value of
RTy defined in this way does not satisfy the equation
(5.5.3), but each element larger than RTyx in Pgl,

k=2,3,4, is tested in turn, until one sign on time is
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found which satisfies equation (5.5.3). This time then
defines the structure of a broken shift with a sign off
time of RT.

One of the procedures, depending on the number of
elements in the groups, is used to produce the broken shift
or early p.m. straight shift structure. Figure 5.1 shows
the flow chart of the computer programme for constructing
these shifts.

5.5.3 A.M. Straight Shift Structure

Each time a member of the lists P%ﬂ was used to
construct a broken shift, its value was set equal to 101%,
This dummy value prevented the sign on time from being used
againe Let rt %be a time in the a.m. list Ci}],

1 =7,8,60e,120 Since a broken shift can not start before
5.50 a.me, rt must be the sign on time of an a.m. straight
shift if

rt < 5.50 a.m. (5.5.6).

Since each element in the lists P%é, 1 = 1,2,00e,6;
k = 1,2,.0054, corresponds to an element in the lists
Cij, 1 = 7+8,000,12, any sign on time not used from these
lists will start an a.m. straight shift. Thus, »rt
defines the basic structure of an a.m. straight shift if
it is not equal to 10%® or if it satisfies the equation
(5.5.6).

The number of a.m. straight operator and conductor

shifts is the number of elements not used for constructing
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broken shifts from the a.m. groups. The flow chart used
for constructing the basic framework of the a.m. straight

shifts is given in the figure 5.2.
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CHAPTER VI

ITHE MOST BFFICIENT OFF-PEAK ROSTER

6.1 Introduction

There are three periods during a week-day which are
classified as off-peak periods, namely:
(1) early morning:- before 7.00 SeMe,
(2) mid-day:- between 9.3%0 a.m. and L.45 pem.,
(3) 1late evening:- after 6.30 Dol

The mid-day off peak period is called the inter-
mediate period. The number and type of shifts for both
operators and conductors at each depot during or before
the a.m. peak and during or after the p.m. peak was determ-
ined by the basic framework, defined in the preceding
chapter, However, the number and type of shifts which are
to be worked during the intermediate period are not known.
This chapter will discuss the classification of operator
shifts over this period of the day and how this affects the
formation of a.m. straight and broken operator shifts.

The time table determines the number of buses on
the road at any time of the day. Figure 6.1 is a graph
of the number of buses on the road during a typical week

day, where
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N; 1is the number of late p.m. buses,

Nz 1is the maximum number of buses operating at one time
during the p.m. peak,

N3 1is the maximum number of buses operating at one time
during the intermediate period,

N, 1is the maximum number of buses operating at one time
during the a.m. peak,

N 1is the number of early a.m. buses.

6.2 The P.M, Peak Roster

The late p.m. straight shifts were constructed in
such a way that all the operators were rostered over the
pP.m. peak. Let & be the number of extra men needed to
cover the cribs given after 8 p.me The number, n, of
late p.m. straight shifts is the sum of N, and &, 1i.e.

n, =N, + & (6.2.1).
The number, ny;, of men needed to operate the remaining p.m.
peak buses is the difference between N; and n,, i.e.

ng = Ng - n, (6242)
The most economic use of staff is obtained if these n,
operators are also rostered over the a.m. peak, i.e., if
there are n, broken shifts.

6.3 The A.M. Peak Roster

If it were possible to form n; broken shifts from
the basic framework, the number, nz, of extra men needed
to operate the remaining a.m. peak buses is the difference
between N, and ng, i.e.

Ng = NL = Qg (6.301)0
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Thus the number of straight shifts which cover the a.m. peak
is ng.

The most efficient operator's roster is therefore
produced if the number of p.m. straight shifts, broken shifts
and a.m. straight shifts are n,,n, and ng; respectively.
If in practice, Ny is greater than ng;, and there are some
early p.m. straight shifts, the number of possible broken
shifts is less than ng,.

6.4 The Intermediate Period Roster

To prevent extra men being rostered during the inter-
mediate period, the buses running during this period must be
operated by all the a.m, straight shift and some of the
broken shift men.

The agreements (7) and (9) limit the latest sign off
time of the a.m. straight shifts to between 1.3%0 p.m. and
230 peme. Therefore only ng of the intermediate runs can
be operated until approximately 2 p.m. by a.m. straight shift
men. The latest limiting sign off time for the morning
piece of any broken shift is between 12.15 p.m. and 1 p.ms
due to the agreements (10) and (32). The remaining (N3-ng)
intermediate buses must be operated by broken shift men. In
order that the maximum amount of work is covered, (Ngz-nj)
broken shifts having morning portions which finish near mid-
day are chosen. The residual work after approximately 2 p.me.
for nsz runs and after approximately mid-day for the other
runs must be covered by large afternoon portions of broken

shifts.
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A summary of the most efficient rostering of the
week-day buses of figure 6.7, is given in figure 6.2,

6.5 Conditions

The following two conditions arise from the most
economic way of rostering the intermediate period:
(i) a.m. straight shifts must end as late as possible, i.es
between 1 pem. and 2 p.ma,

(ii) (N3-ng) Dbroken shifts should be constructed in such a
way that their morning portions end between 12.15 p.m.
and 1 p.me

6.6 Meals

The method used to provide the meal, necessary by the
agreement (9), for the a.m. straight shift operators is sim-
ilar to the sequential stepping algorithm discussed in

chapter 2.

6.7 Optimum Broken Shifts

When all the a.m. straight shifts are produced, the
remaining pieces of work are added to existing pieces of
broken shift work. No emphasis is placed on how economical
the resultant broken shift is, but providing the conditions
(1) no break without pay in a day's duty shall be less than

2 hours,
(2) the maximum length of any portion of a broken shift is
6 hours,
are satisfied, the broken shift is acceptable. An optimum
pairing of the a.m. and p.m. pieces of work for all these
broken shifts is accomplished by using Bennett's pairing

algorithm [1].
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CHAPTER VII

CONCLUS IONS

Various attempts to automate scheduling procedures
for transit companies have met with only limited success.
The general methods developed by Elias [L4], for example,
have been widely tested in the U.S.A. but have not proved
of direct practical benefit. The approach to the M.T.T.
scheduling problem has been fundamentally different in that
it has been recognised that it is preferable to subdivide
the total complex problem into many sub-problems of manage-
able size and to base the computer algorithms on the
ingenious manual methods which have been developed by the
schedule officers. Figure 7.1 indicates this breakdown of
the complete rostering problem into a sequence of inter-
related sub-problems.,

In solving the rostering problem step by step, it
has proved advantageous to start with steps 5 and 11, which
were automated by Bennett [1], and then to procqed with
steps 1 and 2, which have been automated as described in
this thesis. Completion of steps 3 and 4, at present under
investigation, will then enable the whole M.T.T. roster to
be produced automatically with intervention of the schedule
officers at prescribed check points.

The methods used in this thesis are typical of

those classified as heuristic programming. The aim has
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not been optimization, partly because of the complexity of

the problem and partly because of the impossibility of

specifying the criteria explicitly. Instead, the purpose
of the research has been to develop computer algorithms
which give good acceptable rosters. By basing the approach
on the manual methods, many latent constraints have been
automatically satisfied without the necessity for their
precise definition.

The automation of bus crew rosters has proved
worthwhile from the management point of view and the follow-
ing benefits have been derived.

(1) Frequent reviews of both time-tables and rosters are
able to be made because the time needed to prepare new
duty rosters has decreased from eight weeks to three
weeks.

(2) Experimentation to test new ideas and a flexibility in
approach have resulted from the reduction in roster
preparation time.

(3) Top management has now a measure of control over
traffic costs because

(i) rosters are being prepared on a minimum cost
basis,

(ii) «quick evaluation can be made of the effect or
changes or proposed changes in industrial

working conditions,
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(iii) more accurate estimates of the effect of service
adjustments, extensions of services or the
introduction of new services, can be obtained.

Because of the general acceptance of the present
work to the M.T.T., it is now intended to proceed with the
automation and optimization of the time-table, a problem
which will be challenging in concept and complexity but
which should yield to the powerful heuristic programming

techniques developed in this thesis.
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APPENDIX I

Adelaide, the capital city of the State of South
Australia has a population of 800,000.

The Municipal Tramways Trust (M.T.T.) is the
authority for street public transport services in metro-
politan Adelaide. The Trust operates most of the bus
services itself, particularly over the heavily patronised
routes, but also licenses private bus companies to serve
some areas. The number of diesel buses run by the Trust
is 350, and these buses are operated on a one-man/two—man
basis. Two man crews, comprising driver and conductor,
are used during times of heavy passenger loading - between
7430 a.m. and 6.3%0 p.m. on week days and on Saturday
mornings, whilst at all other times drivers are required
to collect fares.

An Industrial Arbitration Court Award and agree-—
ments between t he Employees Association and the M.T.T.
determine the rules governing the formation of rosters.
The award and agreements are changed occasionally. The
methods developed in this thesis are based on the follow-
ing agreements:

(1) An employee may be required to work broken shifts,
provided that all duty performed on any day outside
the spread of ten consecutive hours shall be paid for

at the following rates -
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(3)

(1)

(5)

(6)

(7)

(8)

(9)

(10)

(11)

(12)
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if the spread is between 10 armd 11 hours - time and a
half should be paid;
if the spread is between 11 and 12 hours - double time
should be paid.
No break without pay in a day's duty shall be less
than 2 hours.
Employees shall not be signed off more than twice in
any one day.
The ordinary hours of duty shall not be less than 7
hours on any shift.
The hours of duty on straight shifts shall not exceed
9 hours.
Employees shall not be rostered to work for more than
5 hours without a meal relief or crib.
Where an unpaid meal relief is allowed, a minimum of
LO mins. and a maximum of 55 mins. shall be allowed.
Where a meal relief of at least 4O mins. is not pro-
vided, a crib shall be taken in the Trust's time.
The minimum crib allowance is 20 mins.
All time worked in excess of 8 hours 15 mins. shall
be paid for at the rate of time and a half.
When an employee finishes work on one bus to take
over duties on another bus, the rate of pay described
for the working of the former bus ceases immediately

he terminates working it. The time taken to travel
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(14)

(15)

(16)

(17)

(18)
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to the other bus shall be payable for the working of
such second bus.
When an employee signs on duty as a one-man bus
operator he shall be allowed sign on time irrespect-
ive of the period he is engaged as a one-man operator
for such shift. Sign on time shall be paid at the
rate applicable to the first one-man bus driven during
the shift.
The following sign on and sign off allowances must be
allowed for &a bus operator of a 2-man bus:
When a bus is taken from a depot, the sign on
allowance is 10 mins.
When the operator takes charge of the bus in traffic,
having signed on at a depot, the sign on allowance is
5 mins. + the time needed to travel from the depot to
the relief point.
When the bus is returned to a depot, the sign off
allowance is 10 mins.
When the operator is relieved in traffic and signs off
at a depot, the sign off allowance is 5 mins. + the
time needed to travel from the relief point to the
depote.

The following sign on and sign off allowances

must be allowed for a bus operator of a 1 man bus:
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(20)

(21)

(22)

(23)

(24)

(25)

(26)
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When the bus is taken from a depot and a ticket out-
fit is obtained, the sign on allowance is 20 mins.
When the operator takes charge of the bus in traffic,
having signed on and obtained an outfit at a depot,
the sign on allowance is 10 mins. + the time needed
to travel from the depot to the relief point.

When the bus is taken from the depot, the sign on
allowance 1s 10 mins.

/hen the operator takes charge of the bus in traffic,
having signed on at a depot, the sign on allowance is
5 mins. + the time needed to travel from the depot to
the relief point.

When the bus is returned to a depot, the sign off
alloweance is 10 mins.

When the bus is returned to a depot and the money
collected paid in, the sign off allowance is 25 mins.
When the operator is relieved in traffic and signs
off at a depot the sign off allowance is 5 mins. +
the time needed to travel from the relief point to
the depot.

When the operator is relieved in traffic and signs
off and pays in the money collected, the sign off
allowance is 15 mins. + the time needed to travel

from the relief point to the depot.
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(28)

(29)

(30)

(31)

(32)
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An employee signing on at any depot and subsequently
directed to commence duty at some other point shall
be allowed travelling time from the point at which
he signed on to the point at which he commenced duty.
All employees shall, each day, finally sign off at
the depot at which they sign on.
For broken shifts the sign on time shall not be
before 5.50 a.m. and the sign off time shall not be
after 8 p.m.
Port operators may only drive buses with the follow-
ing run numbers, 30 inclusive to 78, 242 inclusive
to 267, 385 inclusive to 435, 471 inclusive to 479.
A ticket outfit must be collected from the sign off
depot.
The maximum duty for a portion of a broken shift is

6 hours.
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APPENDIX ITI

Data Manipulation

The amount of data associated with the problem is
fairly voluminous, and all this data must be held in core
store if the cost of the computer processing is to stay
within reasonable bounds. The following are the items of
data involved for each bus run 1i:

rny ¢ run number assigned to bus i,

dty; : depot departure time of bus i,

ddt; ¢ depot of departure of bus i,

aty ¢« depot arrival time of bus i,
dat; ¢ depot of arrival of bus i,

cjy ¢ time when conductor joins bus i,

djy ¢ place where conductor joins bus i,
cfy ¢ time when conductor leaves bus i,
df{; : place where conductor leaves bus i,
nty ¢ number of relief points on run rn,,
rpyy ¢ bus i's j*P relief point,

rtyy ¢ time corresponding to rpij.
The time needed to travel from depot k, to relief
point £ 1is represented by ttyxg, where k = 1,2,3;
L = 1,2,004,20,
Since there are some 0O runs each of which have

between twenty and ninety pieces of information, some
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L5,000 store locations are involved. Lists 1L and B,
were defined for handling the large amount of data. The
variables given as data by the headway sheet define L in
the follcwing ways

Ly y-9,0 = Iy,

Li,-s,0 = dty,

Li,-7,0 = ddty,

Li,-6,0 = aty,

Ly,-s,0 = daty,

Lyi,-4,0 = CJ1y

Ly,-s,0 = 4J15

Li,-z,o = cly,

Ly,-1,0 = diy,

Ly,j,0 = rtyy; where Jj > O

Ly,j,2 = rp1y; where J > O.
For example, Lyo,,,1 is the fourth relief time given by
the headway sheet for the tenth run.

The variables given as data for fixed pieces of
work, i.e. those pieces of work for which nty; 1is zero,
define the list B in the following way:

Bi1s = rny,
Biz = dty,
Bysg = ddty,
Bi, = aty,

Bys = daty,
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Bis = Cj1,
Biz = djs,
Big = ciy,
Big = dly.

For example, B, 1is the depot arrival time of the fourth

fixed work rune.
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