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Scheduling Transit Extraboard Personnel 

ISAM KAYSI AND NIGEL H. M. WILSON 

Because operators are sometimes absent e1nd daily workloads are 
often uncertain, transit agencies employ more operators than 
required by the timetable to ensure r liable service. The e extra 
operators are usually referred to as ext raboard or cover operators 
because they are used to cover the as ignments of absent oper­
ators and to provide required, but un cheduled. work. Operators 
who clo not have specific work as ignments are told to report for 
work at specific times of the day to cover work rhat may be open 
at those times. A methodology is propo ed to deal with the prob­
lem of assigning report times to cxtraboard personnel. The pro­
posed methodology is sensitive to the variability of unanticipated 
requirement. , work rules applying to extraboard per onnel, relia­
bility objectives, and availability of regular operator to work 
overtime in case unamicipated requirements cannot be covered 
off the extraboard. The methodology is applied to a large bus 
garage ar the Ma saclrnsetts Bay Transportation Authority to test 
rhe quality of the resulting solution under different work rules. 
Thi case . tudy demonstrates the potential of the methodology 
to produce ignificant improvements over current practice and to 
serve as a valuable policy analysis tool. 

In order to provide reliable service despite operators' being 
absent from work and to accommodate uncertainty about the 
amount of work actually required on a given day, transit 
agencies employ more operator than required by the time­
table. These extra perator a.re usually referred to as extra­
board or cover operators becau e they are u. ed to cover the 
as ig11111ents of ab ent operator and to provide required but 
un cheduled, work. Alth ugh most extraboard opentor are 
directly assigned to fill in for scheduled operators whose 
ab ences are known in advance, the remainder are assigned 
report times at which they must be available t cover work 
that may be open at that time. A method was developed to 
assign report times for the e extraboard operators; the value 
of the method i demon. traced through a ca e study of a ingle 
large bus garage at the MBT A. 

In the tran it industry , the issue of operator workforce plan­
ning has been receiving increased attention in the past decade, 
primarily becau e of the prospect of cost aving through 
improved operator management melh d . Although some of 
th , e effort have focu ed on the staffing levels required , and 
hence on the size of the extraboard, little has been reported 
in terms of analytical methods for assigning report times to 
extraboard operators who have no specific, known-in-advance 
work assignments. 

MacDorman and MacDorman (J) presented the first effort 
at analytically det rrnining the cxtraboard ize by identifying 
the major cost factor, influencing it. MacDorman (2) more 
directly addre sed issues relating to stand-by, or report oper­
ators. MacDorman (2) discussed the real-time a signment of 
stand-by operators to fill open work that wa nor anticipated. 
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He concluded that fitting manpower levels to the dynamics 
of open work was of utmost importance. The study al o cat­
egorized open work, evaluated stand-by operator distribution 
strategies , and emphasized the importance of considering the 
c mplete range and variation of manpower demand. 

Booz-AUen & Hamilton (3) targeted operator availability 
management and presented a number of related case studies. 
However the issue of assigning report extraboard operators 
was only mentioned briefly in uch general tatements a 'daily 
dispatching is responsible for report crew a signment" and 
"early report operat rs are plit if they receive no assign­
ment." For most, if nor all , transit agencie report operator 
assignment is based on agency experience without reference 
to analyt"ical tools. 

Koutsopoulos (4) and Kout opoulos and Wil on (5) pre­
sented a general framework for addre sing w rkforce plan­
ning issues at three levels: strategic, tactical, and operation­
al. At the operational level which is central, the available 
extraboard personnel are assigned specific times for report 
duty. These two works form the basis for the method logy 
presented here. 

PROBLEM DESCRIPTION 

One of the key task of the operator workforce planning 
process is the mauagement of available operators. In the con­
text of the extraboard thi ta k tran !ates into the assign­
ment of operators to cover open work, which consists of the 
following three elements: 

1. Covering absences-substitution for absent regular op­
erator ; 

2. Coveri.ng extra work - the operation of extra service for 
unexpected event and the relaying and bifting of vehicles 
for in- crvice breakdowns or major delays; and 

3. Operating trippers-working known-in-advance short 
pieces of work that are not built into scheduled nrns. 

Extraboard operators may also be called on to provide 
optional extra service when urplus manpower i available. 
Because such extra service is not required , but is imply offered 
when the p r onnel and vehicles are available at low marginal 
co t, it hould not be con idered in sizing the extraboard. 

One way to look at extraboard tasks is by their predict­
ability. Some requirements may be known well in advance 
(trippers for example) ; others may be known only a day or 
so in advance· whereas till others may be completely unan­
ticipated (due to ickness, accident , and breakdowns). Be­
cause of thi variation in the predictability of open work, extra­
board operators are typically assigned work in the following 
two-step sequence: 
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1. Runs are built to cover kno\\ln-in-advance rec1uirements. 
2. The remaining unassigned extraboard operators are 

assigned report times to cover work that may become open 
during the day. 

The second st p, which is the problem to be addressed 
involves selecting report time for a given number of extra­
board operators o that operator availabilily be t matches 
expected needs throughout the day. This broad objective can 
be tran lateu into more precise objectives that are expressed 
in term of uncovered open work, unas ign d cover and 
reliability. 

Clearly, the determination of report times hould be eo­
sitive to the probable unanticipated requirement (whether 
caused by absence or extra service) by hour of day, the prob­
able availability of regular employees to work overtime, the 
number of available (i.e ., unassigned) extraboard employ­
ees and the work rules. Con ·ideration of all these issues 
complicates the problem. 

Because the problem of sizing the extraboard is not addressed 
here, any consideration · relating to the differential cost of 
using part-time, full-time , or overtime personnel to fill extra­
board requirements are irrelevant. The usage of a given num­
ber of extraboard operators i maximized (or th.eir unpro­
ductive time minimized) by as ·igning them to be t match 
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anticipated requirements . Clearly, results obtained from this 
research are valuable for the subsequent task of extrahmird 
sizing. 

PROlJLEM FORMULATION 

To formulate the report time assignment problem, two com­
ponents must be considered that describe the state of the 
system at time of day t, namely, the number of available 
extraboard operators and the number of open piece of work 
(or run ). The number of extraboard operators available at 
time tis the um fthose operators who are as igned to report 
at time 1 and tho. operators who reported earlier but are still 
available because of lack of open work before 1. Similarly, the 
number of open runs is the sum of runs that become open at 
time 1 and earlier open rnns that are not yet covered. It is evi­
dent that the state of the ystem at time I depends on the hi tory 
of, and interaction between, the two variable . These factor 
complicate an exact formulation of the problem ; therefore a 
·implified formulation was developed. 

The ·implified formulation i. based on defining two timc­
of-day profile , which are shown in Figure l. The operator 
availability profile, denoted by x1,1, • a function of the a signed 
report times and the work rules and _gives th total number 

Ti me of day, t 

Open Work Profile 

Extreboerd Profile 

Uncovered Open Work 

Unproductive Ti me 

Covered Open Work 

FIGURE 1 Extraboard and open work profiles. 
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of extraboard operators available at time t. The open work 
profile, denoted by c('l' is the number of open runs that exist 
at time t. The variable x(,l is a deterministic decision variable, 
whereas c<,J is a random variable in the sense that e(IJ is known 
only probabilistically at the time x<,l must be determined. 

Using these profiles, expressions can be derived for expected 
uncovered open work, unproductive time, and system relia­
bility (usually measured by missed trips as a percentage of all 
scheduled trips). Uncovered open work (UOW) and unpro­
ductive time (UT) are also shown in Figure 1 and can be 
formulated as functions of time t as follows: 

(1) 

(2) 

As far as system reliability is concerned, any UOW will be 
split between missed service and overtime in a manner that 
depends on the availability of regular operators for overtime 
work. The \ikelihood that UOW will result in missed service 
will depend on the time of day at which it occurs; at certain 
times of day, operators are more likely to be available for 
overtime work than at other times . 

In the following sections, time of day is treated as a discrete 
rather than a continuous variable. In other words, the day is 
divided into subperiods, each of which is treated as homo­
geneous . This simplification of the problem does not entail 
real sacrifice in the accuracy of the results but makes the 
solution algorithm computationally more tractable. 

Figure 2 shows a model that is used to represent the rela­
tionship between UOW and missed service after dividing 
the operating day into discrete time periods. The model is 
period-specific and is based on two parameters , xinterul and 
slopeu» for period i. If UOW is less than xinter<'l ' then all 
VOW can be worked as overtime. Thus, xinteruJ represents 
a lower bound on the overtime hours available during period 
i. If UOW is greater than xinter<1J, then the surplus will be 
split between missed service and overtime with the fraction 
resulting in missed service equal to slopeul. Slope(il can also 
be viewed as the probability that UOW in excess of xinter<1l 
will be translated into missed service . The period-specific 
parameters xinter(iJ and slope<1J would reflect the likely avail­
ability of operators for overtime work at different times of 
the day . For example, it is quite likely that no operators will 
be available for overtime work during the early morning; 

Missed 
Service 
Hours 

xi nter(i) 

FIGURE 2 Missed service relationship. 
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consequently, xinter<1l may be set to 0.0 and slopeul to 1.0 for 
these periods. For other periods of the day, however, 
slopeuJ would depend on the exact time at which open work 
occurs and the availability of operators willing to work over­
time at that time. Consequently, slope(il may be less than 1.0. 

The proposed model allows the expected missed service 
hours to be predicted for each period based on the UOW for 
that period. By summing these missed service hours over all 
periods of the day, the total expected missed service for that 
day can be obtained. Moreover, if this measure is used as the 
objective function in the proposed problem formulation, then 
a third objective is available , namely, minimization of missed 
service. Therefore, system reliability can be treated directly 
as an objective within the proposed methodology, although 
this requires that both VOW and a basis for splitting it between 
missed service and overtime (as shown in Figure 2) be avail­
able for each period of the day. Alternatively, reliability could 
be treated as a constraint on the solution rather than as another 
objective. 

To model the possible objectives, expressions are required 
for VOW (which is closely related to the reliability objective) 
and UT. It can readily be shown, however, that the objectives 
of minimizing UOW and minimizing UT are equivalent (6). 
Furthermore , the reliability objective is also a linear trans­
formation of VOW, and any mixed objective related to relia­
bility and overall efficiency can be expressed by appropriate 
weightings of period-level UOW. 

Consequently, the minimization of expected VOW is the 
central objective adopted in the analysis with the solution 
subject to work rule constraints. The objective function and 
the work rule constraints are developed in the following two 
sections. 

OBJECTIVE FUNCTION FORMULATION 

By dividing the day into N time periods, the expected VOW 
can be represented as 

N 

L d(i)E(VOW(i)) (3) 
i=l 

Here, dul is the length of period i, E stands for the expected 
value functional, and both eul and xul are assumed constant 
within period i. 

Uncovered Open Work 



34 

Now, uow(i) is a function of E(i) and x(i) in each period as 
follows: 

when xui ~ EuJ 
when x('l < EuJ 

(4) 

Consequently, the expected value of UOW(il becomes the 
following (dropping the subscript i for the moment): 

00 00 00 

E(UOW) = 2: (E - x)P(E) = 2: EP(E) - x 2: P(E) 
x x x 

x ~ 

= E(E) - 2: EP(E) - x 2: P(E) (5) 
0 

The next critical step is defining the function P(EuJ), which 
describes the open run probability density function for each 
time period i. Open run probabilities in successive periods 
may not be independent; a run that is open in period i will 
most likely also be open in period i + l. However, this does 
not affect the formulation . To define P(Eui) is a matter of 
selecting the discrete probability den ity function that best 
describes the occurrence of open work. 

Any run scheduled during period i has a probability P<;i of 
being open and (1 - P<o) of being filled as scheduled. Such 
an outcome associated with any scheduled run is conceptually 
equivalent to the outcome of a Bernoulli trial. Moreover, 
period i ha ''<I) cheduled run ·, each wiU1 lhe '<tme probabi lity 
of being open . These run constitute a Bernoulli process 
which is a erie of independent Bernoulli trial . The prob­
ability of exactly E(i) runs being open out of a total of 11(1) 

independent scheduled runs in period i is given by the fol­
lowing binomial distribution: 

P(E<·i) = (nui)p •U>(l - P<;J)"<•>-·<o 
I E(i} (1) 

E\I) = 0, 1, .. . , n(i) (6) 

where 

E<o = number of open runs in period i; 
Pco = probability of any run being open in period i; and 
nc;i = total number of runs in period i, as given by the 

scheduled operator profile. 

The objective function for UOW minimization can then be 
rewritten as follows: 

z = ;~ d«J{ E(E<o) - ec~o EuJP(EuJ) 

- x(il[ 1 - «~o P(Eui)]} (7) 

with the probability of a particular number of open runs given 
by the binomial distribution of Equati n 6. 

WORK RULES 

The work rules in effect for extraboard personnel both con­
strain the feasible solutions and place financial penalties on 

TRANSPORTATION RESEARCH RECORD 1266 

specific types of solutions. Therefore, it is essential to model 
t:ho e constraints accurately. Extraboard operator may be 
able to perform either continuous or split assignments on the 
basis of the work rules; consequently, both types of assign­
ments are considered in this formulation. The formulation 
allows part-time employees to be assigned to the extraboard, 
which is the more complex case. 

In the simpler ca ·e of only continuous assignments' being 
permitted, two sec of constraints are required . First, th total 
number of extraboard perators available in period i is simply 
the sum of the fuJl-time and part-time extraboard operator 
profiles in period i. These profiles are determined by the 
number of operators who reported at some earlier period k 
but are still on duty during period i. Second, the sum of 
extraboard full-time operators (FTO ) and part-time opera­
tors (PTOs) reporting at ea h lime period should equal the 
total FfOs and PTOs tu be assigned report times: 

Xui = xfui + XPuJ = L yf(k) + L YP(kJ (8) 
kdf(i) k e lp(i) 

N N 

2: yf(k) Nf; 2: yp(k) Np (9) 
k~I k~I 

where 

Xe;) = total number of extraboard FfOs and PTOs avail­
able in period i; 

xfuJ = full-time extraboard operator profile in period i, 
representing the number of FfOs who reported at 
or before period i but are still on duty, according 
to the work rules; 

XPui = extraboard PTO profile in period i; 
yfui = extraboard FfOs reporting in period i; 

YPuJ = extraboard PTOs reporting in period i; 
IfuJ = set of report times t for which an extraboard FTO 

who reports at time t is still available at time i; 
IPuJ = set of report times t for which an extraboard PTO 

who reports at time t is still available at time i; 
Nf = number of extraboard FfOs to be assigned report 

times; and 
Np = number of extraboard PTOs to be assigned report 

times. 

In some transit authorities, work rules permit management 
to make split shift extraboard assignments, which consist of 
two piece assignments with an unpaid break in between . This 
flexibility provides a greater potential to cover b th peak 
periods with a single cover operator. Alternatively, if an oper­
ator who i a ·igned an early report time is not used , that 
operator might be released and asked to report later in the 
day. In this ca e within a defined period following the oper­
ator's first report , the garage manager has the option to excu e 
the operator and assign a later report time if the operator has 
not yet been assigned work. The latest time at which a new 
report time can be assigned is known as the "decision point." 
Moreover, there is a spread premium when the total time 
from the time of first report to the end of the second piece 
exceeds a certain amount, typically 101/2 or 11 hr. 

With split assignments resulting from these rules, the oper­
ator profile is not fully determined by the first report time, 
unlike continuous assignments. In fact, the operator profile 
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is not deterministic but depends on whether or not each report 
operator is assigned a run between the time of first report 
and the decision point. This assignment depends on the occur­
rence of an open run during this time span, which in turn 
depends on the number of bus pullouts and reliefs and the 
probability of an individual piece's becoming open during 
each period. As a result , the operator profile is stochastic 
based on the probability of each report operator being excused 
at the decision point and assigned a later report time or being 
assigned work before the decision point. 

Although there are many possible work rules, it is assumed 
that a report operator who is assigned work before the deci­
sion point will work a continuous assignment. Moreover, the 
output of the proposed model includes a first and a second 
report time for each report operator, with the second report 
time's going into effect only if the operator is excused at the 
decision point. Finally, the first and second report times for 
each operator are assigned in such a way that the total spread 
is restricted so that no spread premiums are incurred. 

Each report operator j will work either a straight shift, 
determined by the first report (with a probability pcvl of being 
assigned a run before the decision point), or a split shift, 
determined by the first report time, the decision point , and 
the second report time (with a probability 1 - pcvl). Clearly, 
pc(i) will depend on the first report time and on the report 
times for other extraboard operators. That is, pccj) will be a 
function of the number of bus pullouts and reliefs, the prob­
ability of any of these pullouts being open, and the availability 
of other report operators for the time span extending from 
the first report time to the decision point. 

Consequently, the previous constraint set used for contin­
uous assignments must be modified in the case of split assign­
ments with the following redefinitions of xful and XPul : 

Nf Nf 

xf<n = L pc(i) · rcfc;;i + L (1 - pcvi) · rsf(if) 
j= I j= I 

Np Np 

xpul = L pc<lJ · rcpu/J + L (1 - pc<!)) · rsp< 11l 
1~ 1 1~1 

where 

xful = extraboard FTO profile in period i; 

xp<•l = extraboard PTO profile in period i; 

(10) 

(11) 

rcf(if) = 1 if continuous shift of FTO j includes period i , 
0 otherwise; 

rsf@ = 1 if split shift of FTO j includes period i, 0 other­
wise; 

rcp<•lJ = 1 if continuous shift of PTO I includes period i, 
0 otherwise; 

rsp(il) = 1 if split shift of PTO l includes period i, 0 other­
wise; and 

pcvl = probability that report operator j will be assigned 
work before the decision point . 

SOLUTION ALGORITHM 

For even a small number of extraboard operators, many com­
binations of report times are possible. Because it would be 
computationally prohibitive to evaluate the expected over-
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time (or unproductive time) associated with all assignment 
combinations, another solution algorithm was adopted. 

The problem formulation requires that the decision vari­
ables (i.e., the number of operators reporting in each time 
period) be integers . However, because mo t algorithms to 
determine optimal integer solutions are computationally inef­
ficient, a greedy heuristic procedure was used to solve the 
problem. It involved the incremental allocation of the avail­
able extraboard operators , with each operator assumed to 
report at the beginning of a period. At each iteration, the 
appropriate report time is determined on the basis of maxi­
mizing the expected marginal reduction of UOW for the oper­
ator being assigned at that iteration, while keeping the pre­
vious assignments fixed. This process is repeated until all 
report operators have been assigned report times. The mea­
sure of marginal reduction of UOW for each operator is the 
total reduction in UOW by assigning i to time period t. By 
adopting this measure, the algorithm assigns all FTOs first 
and then assigns any PTOs. 

Lower bounds on the optimal solution are particularly use­
ful when a heuristic is being proposed because they can be 
used to determine an upper bound on the difference between 
the heuristic solution and the optimal solution . In this case, 
there are two interesting lower bounds on the solution. One 
lower bound is provided by the solution to the problem with 
the integrality constraint relaxed. Another lower bound results 
from relaxing the work rule constraints so that operator duties 
are not restricted to shifts of fixed length and may be as short 
as one period . In effect, this assumes that a total supply of 
report hours is available equal to the total hours to be worked 
by report operators. Consequently, the incremental allocation 
in the solution methodology is based on the available extra­
board operator periods (e.g., quarter hours) instead of oper­
ator shifts . The result is an "ideal" profile , which can also be 
a lower bound in estimating the savings that may result from 
relaxed work rules . 

CASE STUDY 

The methodology was applied to a large bus garage in the 
Massachusetts Bay Transportation Authority (MBTA), mak­
ing use of existing MBT A extraboard work rules and other 
labor contract provisions. At MBT A both FTOs on 8-hr shifts 
and PTOs on 6-hr shifts are assigned to the extraboard, but 
only straight (continuous) shifts can be worked by all oper­
ators. A virtually unique feature of MBTA is that, by law, 
management has the right to use an unrestricted number of 
PTOs. In addition, extraboard FTOs and PTOs can cover any 
open work, regardless of whether it is due to the unavailability 
of an FTO or a PTO. Another MBTA characteristic is that 
trippers are not permitted, which eliminates one type of task 
that extraboard operators are usually required to perform. 

The spring 1985 schedule was chosen for the primary appli­
cation of the methodology because extensive data were avail­
able for that period . The weekday profile of regular operators 
(FTOs and PTOs) by time of day shows the heavy peaking 
that is characteristic of many large U .S. transit authoritie 
(see Figure 3) . The 22-hr operating day was divided into 15-
min periods for this analysis. Data de cribing unexpected 
absence patterns by time of day for each day of the week 
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FIGURE 3 Profile of scheduled runs. 

were used to determine the probability den ity functions 
describing unanticipated requirements by time of day. The 
number of unexpected absences during each time period wa 
divided by the number of scheduled operators during the ame 
period . This rati.o yields the probability of a run being open 
during that period. By estimating this probability for all periods 
of the day and moothiag the re ulting profile , tbe open run 
probability profit wa developed for each day of the week. 
Figure 4 shows the smo thed open run probability profile for 
a typical Monday. 

Unless otherwise stated, tht: rt:sulls in this section apply to 
10 report operators, 6 full-time and 4 part-time, which was a 
typical (though not necessarily optimal) weekday level of cover 
for the selected garage. 

Reliability 

As de cribed earlier UOW that occurs in different period · 
of the day can be split into missed service (MS) and overtime 
(OT), according to the model shown in Figure 2. This function 
can be used either to estimate the MS that will occur under 
the different objectives or to establish minimization of MS 
itself as an objective. Open work occun'il\g ill lit!! i::arly mo1'n­
ing (i. e., before 9:00 a.m.) not covered by extraboard oper­
ator is unlikely to be filled due to the lack of available oper­
ators and their unwillingness to work overtime at that time 
of the day . Consequently, morning UOW is more likely to 
result in MS, which will affect service reliability. One way of 

dealing with this problem is to introduce the morning UOW 
measure directly into the objective function. Within the 
framework of the proposed methodology, this can be accom­
plished by placing a weight, W, in the objective function on 
UOW occurring h fore 9:00 a.m. Another way is to define 
MS minimization as the objective. 

Both approaches to reliability were tested for three week­
days (Monday, Tuesday, and Friday), which have different 
absence patterns. Table l presents UOW, morning UOW, 
MS, OT, and distribution of report hour by time of day 
resulting from the bjectives of minimizing UOW (with W = 
L, 2 and 4) and minimizing MS in the proposed methodology. 
The parameter relating to the split of UOW between MS 
and OT at different periods of the day were estimated by 
dividing the operating day into two periods (befor and after 
9:00 a.m.) and setting parameters in such a way that the 

verall daily level of MS was the same as that actually expe­
rienced at the garage. In the early a.m. period it was assumed 
that all UOW would result in missed trips. This procedure 
was followed because no data relating to the actual split of 
UOW by time of day were avai lable. However, when data 
are available, these parameters should be related to the actual 
split between MS and OT observed during different periods 
of the day. 

As presented in Table 1, W = 2 seems to offer a reasonable 
balance between reductions in morning UOW and increases 
in total UOW and, in fact, closely approximates the results 
obtained from minimizing MS directly. Between W = 1 and 
W = 2, the increase in total UOW is small, whereas the 



0.065 

0.060 

0.055 
z 
w 
a.. 
0 
(') 

0.050 z 
iii 
CD 
z 
:J a: 0.045 
LL 
0 

~ 
...J 
iii 0.040 
~ 
CD 
0 
a: 
a.. 

0.035 

0.030 

4 6 8 10 12 2 4 6 8 10 12 
5 7 9 11 3 5 7 9 11 

HOUR OF DAY (starting at) 

FIGURE 4 Open-run probability profile: Monday. 

TABLE 1 SERVICE RELIABILITY 

uow Morn lJQW 

Mon W=1 40.1 14.5 

W=2 43.9 9.5 

W=4 55 .7 4.0 

min MS 44.1 9.4 

Tue W=1 15.8 3.4 

W=2 15.9 3.5 

W=4 17.6 2.1 

min MS 16.1 3.3 

Fri W=1 33.8 9.1 

W=2 35 .1 6.3 

W=4 42.5 2.9 

Min MS 35.1 6.3 

The notation (a/b/c) refers to: 

a= hours of morning report time (before 11 AM) 

b= hours of mid-day report time (11 AM - 3 PM) 

C= hours of PM report time (after 3 PM) 

MS or 
24 .1 16 .0 

23 .7 20.2 

27 .2 28 .5 
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reduction in morning UOW is significant. Between W = 2 
and W = 4, the increase in total UOW is large relative to 
the reduction in morning UOW. As expecteu, the distribution 
of report hours is significantly affected by the value of W, 
with more reports being shifted into the morning as W increases. 

Figure 5 contrasts the occurrence of MS over the course of 
a Monday between the two cases of minimizing VOW with 
W = l and minimizing M . l t is apparent that ignificantly 
more MS occurs during th morning peak in the ca e of 
W = 1 than under the MS minimization objective. However, 
this situation is reversed during the afternoon. As far as OT 
is concerned, the W = 1 case results in less OT in almost all 
periods of the day. No OT is required in the early a.m. hours 
because, accordjng to the UOW split model, all UOW that 
occurs before 9:00 a.m. is translated into MS. These obser­
vations correlate directly with the fact that the MS minimi­
zation objective (or the W = 2 case) assigns more report 
operators in the morning hours. 

Obviously, the proper W for MBT A will depend on the 
va lue MBTA places on avoiding mis ed trips and its ability 
to get drivers t work overtime at different times of the day. 
For this paper , W = 2 appear · to be a sui table weight for 
addressing con traints on avai lable OT operators. 
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FIGURE 5 Missed service by time of day. 
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Data Issues 

The availability of accurate and de tailed data may have a 
significant effect on the outcome of the analysis. Data describ­
ing patterns of unanticipated work requirements by day of 
week and by time of day are critical inputs to the prop . ed 
methodology for setting report times. On a day-of-week level, 
unexpected absence hours, and consequently the probabilities 
of open runs, varied for the MBTA garage durin the ·pring 
1985 schedule. This suggests that di ff rent numbers of report 
personnel are appropriate for different days of the week . 
Moreover different report times are likely robe appropriate 
for each day of the week based on the patterns of unexpected 
ab ences for each day. For example, although Monday and 
Friday have imilar overall level of unexpected absence, the 
patterns of absence over the course of each day are somewhat 
different. Because Monday has more morning absences and 
Friday more afternoon absences, more early a.m. reports should 
be provided for Mondays than for Fridays. 

Analysis that is sensitive to this level of detail in the unex­
pected absence patterns requires a more extensive data base 
but is almost guaranteed to produce a better solution in terms 
of matching resources to needs. This raises the issue of the 

II Min UOW (W=1) 

E3 Min MS 

2 4 6 8 10 12 
3 5 7 9 11 

Time of Day 
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tradeoff between the overhead cost of maintaining and updat­
ing a more extensive data base and the cost of the inefficiency 
introduced into report time setting by using more limited data. 

To determine the appropriate level of data , three scenarios 
were analyzed that feature various assumptions concerning 
the availability of data on unexpected absences: 

1. Day- and Hour-Specific (DHS). The open run profiles 
were set up to differentiate between day of week and time of 
day assuming full information. This was the basis for com­
paring the scenarios' performance . 

2. Hour-Specific (HS) . A single open run profile was used 
for all days of the week that reflected the average patterns of 
unexpected requirements over the course of a typical day. 

3. Flat (FLAT) . An overall flat rate of unexpected absence 
was assumed and used to define a single open run profile for 
all days of the week. 

To test the impact of the different levels of data availability, 
the proposed methodology was used to assign report times 
under each scenario. Ten report operators (six full-time and 
four part-time) were assigned report times for a Monday, 
Tuesday, and Friday for each of the three data scenarios. 
Obviously, actual levels of report operators to be assigned 
report times will normally be different for each day of the 
week based on expected requirements for that day, but such 
a distinction is not the purpose of this paper. As previously 
mentioned, a number of planning models exist for optimal sizing 
of the extraboard and for the daily allocation of extraboard 
manpower. 

Surprisingly, there were no major differences in expected 
UOW for the three data scenarios (see Table 2), even though 
the three profiles of open run probability by time of day are 
somewhat different. The primary differences occur in the dis­
tribution of report hours over the day, as evidenced by the 
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(a/b/c) notation. As expected, both the HS and FLAT scenar­
ios are insensitive to differences among days of the week. For 
example, whereas in Table 2 the DHS solution produces a 
39/17/16 distribution for Monday and a 27/18/27 distribution 
for Friday, the HS and FLAT scenarios produce 27 /18/27 and 
33/18/21, respectively, for both days. This difference affects 
the expected morning UOW, as depicted in the same table. 
For example, the DHS solution yields 9.45 morning UOW 
hours for Monday, whereas the HS and FLAT solutions yield 
14.93 and 12.00 hr, respectively. Therefore, given an equal 
number of report hours on Monday and Friday, the DHS 
solution assigns more morning reports on Monday than on 
Friday as a result of the higher absence levels on Monday 
mornings. 

Figure 6 presents the expected number of open runs on a 
typical Monday by time of day for each of the three scenarios. 
This was expected to be a major determinant of the report 
time assignments. While there are differences among the sce­
narios in terms of the mean number of open runs, they have 
the same overall peaking pattern during the day, and it is 
likely that this pattern, rather than the exact values occurring 
at the peaks, is the major determinant of report times. In 
fact, the optimal availability of report operators in the morn­
ing hours as determined by the proposed methodology is not 
much different for the three scenarios, even on Monday. 

The similarity of results for the three scenarios on the three 
days suggests that overall extraboard effectiveness is not sig­
nificantly increased by additional information although re­
liability at specific times of day may be affected. However, 
this conclusion is limited to the case of straight shift assign­
ments and is not expected to be valid in the case of split 
assignments. For split assignments, the peaks can be covered 
more efficiently and the peak values, in addition to peaking 
patterns , are expected to be of significance in report time 
determination. 

TABLE 2 EFFECT OF LEVEL OF DATA AVAILABLE 

OHS HS FLAT 

Mon Exp. morn UOW 9.5 14 .9 12 .0 

Exp. UOW 43 .9 40.0 41 .1 

Exp. wted UOW 53.3 55.0 53.1 

Distribution 39/17/16 27/18/27 33/18/21 

Tue Exp. morn UOW 3 .5 3.4 2.1 

Exp. UOW 15 .9 15 .8 17 .4 

Exp. wted UOW 19 .4 19.2 19.4 

Distribution 27/19/26 27/18/27 33/18/21 

Fri Exp. morn UOW 6 .3 6 .4 4 .4 

Exp. UOW 35 .1 34 .9 37 .5 

Exp. wted UOW 41 .4 41 .3 41.9 

Distribution 27/18/27 27/18/27 33/18/21 
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FIGURE 6 Open-run profile. 

Lower Bound Results 

To evaluate the potential savings from a relaxation of work 
rules and to assess the effectiveness of the heuristic, a lower 
bound (LB) was obtained by assigning operator shifts that are 
nul restricted in length. Under this strategy, the allocation of 
avai lable report time to the diffe rent periods of the day yields 
an ideal profile of report operator assignment. As shown in 
Table 3, the LB values are from 8.5 to 16.4 percent lower 
lban the model values, afler the full 72 report hours are assigned. 
Because the LB value corre. ponds to the ideal case of no 
work rule constraints, it indicates both how far the model 
results are from the ideal results and how much may be gained 
from a complete relaxation of the work rules. 

Obviously, relaxation of any one work rule would not come 
close to the "no work rules" scenario; hence, the savings from 
work rule relaxation will achieve only a fraction of the savings 
indicated by the LB values. Thus, this lower bound is not 
very tighl mu.I serves only to indicate the general proximity 
of the model results to the ideal re ults. This bound is the 
econd lower bound referred to earlier in this paper. It was 

felt that these re ults were sufficient to indicate that thi · method 
produces close to optimal results and that the alternative lower 
bound introduced earlier was not necessary in this case. 

Evaluating Current Practice 

At MBT A, report time setting relies heavily on experience 
and judgment and linle on f rmal analy i . For this reason, 
it was expected that introducing ana lytic tools into the process 
of setting report time might produc tangible benefits. To 
evaluate the possible improvements, an experiment was con­
ducted using data from the same MBT A garage during the 
summer 1987 schedule but relying on unexpected absence 
patterns develop d for spring l98S. he rep n time actually 
u. ed at the garage were a es ed ro estimate the expected 
VOW if these report times were uti lized with the anticipated 
ab ence patterns in effect. he expected UOW value wa · then 
compared with the values obtained from using the report times 
produced by the heuristic algorithm. 

As shown in Table 4, the methodology, as applied to five 
consecutive Mondays, consistently outperformed the manual 
approach used at MBTA. As might be expected, the number 
of operators actually available for report assignments varies 
considerably across these days, and so, of course, does the 
amount of UOW. The expected total UOW or morning UOW 
levels resulting from the metJ1odoJogy, both for W = 1 and 
W = 2, are significantly lower than those expected to occur 
under the report times actually used. In fact, the W = 2 case 



Kaysi and Wilson 41 

TABLE 3 LOWER BOUND RESULTS (HOURS OF UNCOVERED OPEN 
WORK) 

.B.e.QQ!1 Msm. IU!lS, Eri. 

Hours Mod!ll LB Model LB Mod!ll LB 

0 101.7 101.7 70 .4 70.4 96.9 96.9 

8 93.7 93.7 62.5 62.4 89.0 88.9 

16 86 .0 85.7 55.0 54.6 81.2 81 .0 

24 78.5 77.7 47.9 46.9 73.5 73.0 

32 71.4 69.8 41.4 39.7 66.2 65.2 

40 64.7 62 .1 35.2 33.0 59.2 57 .6 

48 58 .5 54.6 29 .8 27.0 52 .6 50.2 

54 53.3 49 .2 25.5 22.9 47.5 45.0 

60 48.7 44.0 21 .9 19.3 42.5 40.0 

66 44 .1 39.0 18.5 16. 1 37.9 35.3 

72 40.1 34.5 15.8 13.2 33.8 31.0 

% Diff 14.1 16.4 8.5 

TABLE4 EVALUATING CURRENT PRACTICE 

DHS 

~ ~ Qp!jrators Act. Reg,. .'tl.tl w.=2.. 
(FT-PT) 

Mon 6/29 1 1 - 7 morn UOW 6.6 7.2 3 .9 

l.JJW 29.6 19 .6 21 .9 

Mon 716 3 - 0 morn UOW 25.6 26 .6 19.9 

l.JJW 92 .5 91.2 92 .4 

Mon 7/13 6-6 morn UOW 1 0.8 14.4 9.2 

l.JJW 53.2 41.6 45.1 

Mon 7/20 8-12 morn UOW 4 .6 5.4 3 .9 

l.JJW 35.5 16.3 18 .1 

Mon 7/27 1 0-5 morn UOW 1.7 9.1 5.4 

l.JJW 51.4 28.1 31 .2 

Value of Split Shifts pre ents a reduction in eitller morning UOW or total UOW 
ranging between 15 and 49 percent for each of the M ndays 
analyzed. Table 5 presents the actual and recommended report 
times for two Mondays. These re ults should be viewed wilh 
caution because the assumed absence patterns relate to the 
spring 1985 schedule. It was not possible to base the evalu­
ation on actual summer 1987 absences. 

A final issue to be evaluated in the context of the MBT A case 
study is the improved efficiency in covering open work that 
might resul t fro m permitting spli t a ignments . Currently the 
MBTA work rules only permit continuous as ignments for 
report operators. The following analysis is based on the relax-
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TABLE 5 ACTUAL VERSUS RECOMMENDED REPORT TIMES 

Mon 7113 

Actual Aecom 

4 .45 
5 .00 5 .00 

5.30 
5.45 

6 .00 6 .00 
6 .00 6.00 

6 .00 
7.00 
7.00 
7 .00 
7.00 
8 .00 
8.00 

13.30 
14.00 
14.00 
14 .00 
15 .30 

15 .45 
18 .15 
20.00 

ation of this restriction ano on assigning split shifts to report 
operators according to two rules: 

1. A report operator who is not assigned work during the 
first 2 hr 15 min will be excused and assigned a later report 
time (defining the decision point). 

2. The maximum time allowed from the first report time 
to the end of the second piece is not to exceed 10 hr 15 min 
(defining the spread). 

This analysis was run for a typical Monday for the ame 
MBT A garage u ing sd1el.iuled run data for fall '87 and as urn­
ing 10 full-time and 8 part-time report operators. Table 6 
presents values for the slight reductions in UOW and MS 
achievable by making split assignments instead of continuous 
assignments. Figure 7 shows the reduction in MS with the 
incremental allocation of each operator. The slight improve­
ments result from the flex.ibility afforded by split shifts to 
match the peaked nature of demand over the cour e of 
the day. 

CONCLUSIONS 

A formulation and solution method were presented for the 
problem of scheduling a fixed number of operator for rep rt 
duties ac a tran it autltority. The proposed method incorpo­
rates all the important inputs to the problem: the variability 
of unanticipated work requirements, work rules relating to 
extraboard personnel and affecting their availability, relia­
bility objectives and con trainl , and the availability of reg-

Mon 7127 

Actual Aecom. 

4.30 4.30 
4.30 

4 .45 
5.00 
5.00 5 .00 
5.00 
5.30 5 .30 

5 .45 
6.00 
6 .00 6.00 
6.00 6.00 
6.00 6.00 
6 .00 

6.15 
6 .30 
8.00 

12 .00 
13.00 

13.30 
14 .00 
14.00 
14 .00 
14.45 
15.30 

ular operators for overtime work. A heuristic algorithm was 
presented that solves the problem efficiently and is based on 
the assignment of each operator to maximize the incremental 
contribution to the objective. The quality of the resulting 



Kaysi and Wilson 43 

50 ~ Continuous 

45 

40 
0split 

>- 35 ro 
0 
~ 

Q) 
a. 
Q) 30 
u 

-~ 
Q) 
(/) 

25 "C 
Q) 
tJl 
tJl 

~ 20 
0 
~ 
:::J 
0 15 I 

10 

5 

0 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Number of Assigned Report Operators 

FIGURE 7 Effect of split shifts on missed service. 

solution was found to be good when compared with a lower 
bound to the solution that was also developed within the 
framework of this study. 

The proposed methodology was applied to a case study 
involving MBT A . The methodology wa applied with the 
objective of minimizing tota l uncov red open work whi le 
meeting ystem rel iabi lity objective by placing a weight 
(W = 2) in the objective function relating to minimizing 
uncovered open work on any such work occurri ng before 9:00 
a.m. This produced results that were similar to the case of 
minimizing missed service for the whole operating day. The 
case study also indicated that the proposed methodology can 
be applied ba ed on minimal data requirements ( uch as a 
flat rate of unexpected ab ences) with results offering tangible 
improvements over current report time setting practices. Other 
results ind icated that mall additional benefi ts can be achieved 
by having the freedom to assign split shifts to report operators 
and by haviJlg part-time operators work at least ome of the 
report duties. Finally, it was clear from the case study that 
report time setting based on an analysis of the major inputs 
to the scheduling problem can offer significant improvements 
over report times that are based only on experience and com­
mon sense. This was evidenced by comparing uncovered open 
work resulting from report times actually used at the MBT A 
garage with uncovered open work expected from the imple­
mentation of the report time produced by the propo ed 
methodology. 
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