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Abstract. Potential applications of the CCS/BM method in the scheduling of continuous LSM (Linear Scheduling Model)
construction activities are considered. The effect of time buffers — feeding buffers (FB) and project buffers (PB) — on total
project realisation time (TT) is examined. Feeding buffers are found to have no direct full influence on TT if construction
activities continuity is assumed. The influence of FBs on TT for other conditions considered in this paper still needs to be

examined.
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1. Introduction

This paper deals with construction work scheduling.
Current publications on this subject propose such schedul-
ing methods as: LSM (Linear Scheduling Model), LOB
(Line of Balance) and CPM/PERT network planning for
several objective functions: the least cost, limited re-
sources, work priorities etc in both a deterministic ap-
proach and probabilistic one. The scheduling of linear
continuous construction process operations has been the
subject of numerous papers: Arditi et al (2001a, 2001b),
Hegazy et al (1993), Johnston (1984), in which graphical
planning techniques are described. Also the synchroni-
sation of construction activities conducted in sectors
(parts of a building structure) has been investigated:
LOBs allow one to link different continuous activities
conducted simultaneously in many sectors. In other pa-
pers: Hamerlink (1995), Hamerlink and Rowings (1998),
Rabhar and Rowings (1992), Harris and Ioannou (1998)
new graphical planning techniques are proposed. Solu-
tions to many specific problems: Chrzanowski and John-
son (1986) and Zavadskas (2000) (selection of the
optimum organisational design) are offered.

The present paper deals with the planning of tasks
when time buffers are included and the continuity of con-
struction process operations is maintained. Minimum time
is adopted as the criterion for selecting an organisational
design (Zavadskas et al, 1997). Moreover, methods of
sequencing tasks in sectors by means of time couplings,
Afanasjev and Afanasjev (2000), Hejducki (2000), Mro-
zowicz (1997), are presented. In other words, the consid-
ered problem represents an expansion of LSM with the
sequencing problem.

Among many factors affecting the size of a project
buffer there are the following risk factors: disturbances in
the supply of materials and equipment, irregular financ-

ing, design errors, inclement weather, equipment failures,
inefficient contractors, administrative-legal disturbances
etc. In the literature on the CCS/BM methodology (criti-
cal chains) it is suggested that additional reserves (buff-
ers) should be introduced: a project buffer (PB) at the end
of the project controlling path and a feeding buffer (FB)
beyond the latter. These are reserves for, among other
things, deliveries of materials and machines and the work
of contractors.

When negotiating dates for completing tasks, con-
tractors try to make sure that they will be able to meet the
contractual deadlines. They do it intuitively by introduc-
ing time reserves (buffers), taking both their subcontrac-
tors and suppliers into account. The proposed arbitrary
reduction of task execution time (eg by 50 %; Goldratt,
1990, 1992, 1994, 1997; Goldratt and Fox, 1986) for par-
ticular participants in the project seems to be very subjec-
tive and requires practical verification. Hence many
researchers attempt to reduce random problems to deter-
ministic ones which then can be easily applied in practice.
There are many conceptual and model solutions for single
problems. In case of more complex projects, the schedul-
ing problem becomes difficult and computationally com-
plex. This is particularly true of the sequencing problem,
when technological and organisational constraints and
objective functions (for, let’s say, T — min) are taken
into account.

When examining the course of construction projects,
one can notice that the contractors’ approach to activity
duration estimation conflicts with that of the project de-
veloper (the general contractor in PM/CM). A contractor
usually wants to ensure the continuity of performance of
his task in order to minimise the costs associated with
work stoppages (and the resulting lower productivity) and
with making materials and equipment secure.
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The developer (the general contractor in PM/CM)
usually does his/her best to control the construction proc-
ess in such a way that as soon as an opportunity arises the
next process operation can start. Because of different size
and execution time of the tasks involved (earth work,
foundation work, construction work, finishing work etc),
the assurance of their continuity may result in stoppages
for the companies carrying them out as they wait for the
completion of the works.

Computations performed for a set of works show that
the assurance of continuity of the tasks to be carried by
contractors results in a longer total project time than if the
contractors worked with stoppages but the proper se-
quence of the tasks was ensured. Furthermore, changes in
the sequence in which works are carried out in many sec-
tors contribute to an increase/decrease in the fixed project
time.

2. Matrix modelling (MM) of a set of construction
activities

Matrix notation makes it easier to enter data when
schedules are drawn up by computers. Then the construc-
tion process can be divided, eg Work Breakdown Struc-
tures (WBS), according to the construction technology
into types of work, and the tasks involved in the construc-
tion of building structure components can be specified. A
matrix model allows one to determine a technological
sequence by determining the matrix code and to distin-
guish units such as single dwelling houses, building struc-
ture parts separated by, for instance, expansion joints,
building storeys in which finishing work can be carried
out in parallel, flow-wise or sequentially etc. A matrix (a
sequence of digits), incorporating expert engineering
knowledge, can be used in various standard computer
software systems, such as Mathematica or Matlab, or
stand-alone programmes such as Organisator. Matrix
models of construction projects can be used to compute
schedule parameters.

3. Basic assumptions for computations

A schedule key factors, such as work start and com-
pletion dates, the size of sectors, the number of contrac-
tors, the sequence of sectors, the controlling path and the
total project time, must be computed for given constraints.
Stoppages in the work of contractors and situations when
work in a given sector is not done in a continuous way are
allowed (this obviously affects the total project time, TT).
Computer programmes — the successive versions of the
original POTOKI software — are used for computations.
The software has been updated as improvements in the
method (incorporation of new constraints) and advances
in computer technology have been made. The latest ver-
sion is ORGANIZATOR. It is to be updated soon to in-
clude weather-related disturbances in road building and
TOC (Goldratt’s theory of constraints) through the intro-
duction of feeding buffers, a project buffer and the reduc-
tion of the time of executing construction process
operations. ORGANIZATOR does not generate Gantt’s
charts but cyclograms and networks of dependencies (the
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arrangement of activities in sectors and the relations be-
tween the activities). The key elements in the cyclograms
are the times of carrying out particular activities in sectors
and controlling points (CP). The following symbols are
used:

LT (least time) — the shortest time between an activ-
ity in progress and the next activity,

LD (least distance) — the shortest distance between an
activity in progress and the next activity,

CPH (controlling path) — the critical path of activities

[days],

CL (controlling link) — a graphical link between
successive activities (on the controlling path),

CP (controlling point) — a critical point correspond-
ing to the commencement of the next activity,

T  the duration of an activity,

TT (time total) — the total time of carrying out a
project,

m the number of activities,

n the number of sectors.

Taking into account risk factors as feeding time
buffers (FB) and project buffers (PB), their effect on the
total project time was examined. The Organizator pro-
gram, which is based on combinatorial permutational
optimisation algorithms, was used for this purpose. The
project realisation time

T—> Tmin
was adopted as the objective function. The following
were assumed for computing schedule parameters:

1) the continuity of construction process operations
in a technological sequence in sectors (time couplings

method TCM I)
LT1,1...LTn, m =0;

2) the continuity of construction process operations
in a technological sequence in sectors (time couplings
method TCM 1)

LD1,1...LDn,m =0.

3) a minimum controlling path requirement (time
couplings methods TCM 111, IV and V)

CPH = TTmin.

Condition I (time couplings method TCM I) applies to
cases when the priority is to ensure the continuity of activi-
ties P1.....Pm in sectors S1....Sn. This is usually the assur-
ance of work continuity for contractors or equipment.
Because of the technology used (eg seamless concreting),
work continuity assurance may become a priority. The
same applies to a leading activity, ie one which enables the
start of all works contingent on it. It often happens that if
stoppages are taken into account, hiring a particular con-
tractor or equipment becomes unprofitable. Also repeated
undertaking of work by the same contractor may be unprof-
itable because of the costs of equipment transport and as-
sembly. Some highly specialised contractors undertake a
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task on condition that the continuity of their work will be
assured. In some services, the demand exceeds supply and
work continuity assurance for some contractors becomes a
priority. The data generated by the ORGANIZATOR pro-
gram are specified in Fig 1.

Units o Pro<§7
60  cp34 / Process 3

50 |

LD3.4 /T/
LT3.4
1 40 { CPH
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LT2.3 /
Process 1
LT1.2 /
0 .
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Fig 1. Symbols used to describe continuous processes
(Process 1, ... Sectors)

Predefined and deterministically calculated sectors
S1, S2...S,.1, Sn and activities P1, P2....P,;, Pm in a
technological sequence and their performance times
T1,1..Tn, m are used as the input. At this stage, no final
sequence of activities in the particular sectors is fixed (it
will be ultimately fixed after basic computations during
the first optimisation). A certain sequence of sectors is
assumed but it can be easily changed at a later stage by
selecting the ‘optimise’ option in the program (the whole

operation takes a few seconds and it is not necessary to
re-enter the data or to analyse them in detail). The compu-
tations usually yield the best results when the duration of
the activities in the final sector is the shortest in compari-
son with that of other activities. As a result of the compu-
tations, one obtains the total time (TT) in which the
project will be completed. The time is longer then or
equal to the minimum project duration TT min (in min-
utes) determined by other 5 methods implemented in the
ORGANIZATOR program. Time intervals LTI1,1...
LTn, m between the activities in progress and the next
ones are always equal to zero, ie the continuity of activi-
ties P1....Pm is ensured. Probably no continuity of work
in the sectors will be assured (sometimes it will be as-
sured but this is not a priority). The priority dependences,
ie the ones for which LTs must be always equal to zero,
used as the basis for drawing up a schedule are shown in
Figs 2, 3.

4. Analysis of time buffers in Linear Scheduling Model
(LSM)

Selected cyclograms generated for exemplary nu-
merical data are shown below. The aim of the analysis
was to determine the effect of feeding buffers (FB) in the
total project time (TT). The analysis was performed for
two locations of the controlling path in the cyclogram:
1) with extreme initial activities taken into account and
2) with extreme final processes. This entails a change in
the location of FBs and in the course of the controlling
path in the new CC. The durations of the activities are
given in the tables below: the input data in Table 1 and
the modified (using the Goldratt’s method) data in Ta-
bles 2, 3. For the sake of clarity, networks of dependences
between the activities, the classical controlling path and
the critical chains with time buffers FB and PB are illus-
trated below.

INPUT OUTPUT
ST Sn TT>TT min R
Pl Pm LT LTn,m=0_
> TCM I »
T, Tn,m LD1,1 ... LDn,m=0
> >
Fig 2. Computational scheme for condition I
INPUT OUTPUT
Sl TT> TT min
» | P1st || P1s2 > Pis3 | >
P1 Pm LTH1 v LT, m=0
» [Pt ] P2s2 | poss | >
T Tn,m LD1,1 ........LDn,m = 0
» | psst || Pas2 |—>{ Pas3 | >

Fig 3. Priority dependences
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Table 1. Input data

Sector Process 1 | Process 2 | Process 3 | Process 4
1 4 8 8 12
2 8 12 8 16
3 12 8 12 8
4 16 12 8 8

Table 2. Numerical data modified in accordance with Goldratt’s

method
Sector | P1 |FB1| P2 |FB2| P3 |FB3 | P4 |FB4 | PB
1 2 0 4 0 4 0 6 0 0
2 4 0 6 0 4 0 8 7 0
3 6 0 4 7 6 7 4 0 0
4 8 0 6 0 4 0 4 0 19

Table 3. Numerical data modified according to Goldratt’s
method — FB values for controlling path

Sector | P1 |FB1| P2 |FB2|P3 |FB3 | P4 |FB4 | PB

1 2 0 4 0 4 2 6 0 0

2 4 0 6 0| 4 0 8 0 0

3 6 0 4 016 0 4 0 0

4 8 7 6 5 4 7 4 0 19
The computations performed using the

ORGANIZATOR program yielded durations of the par-
ticular activities in the sectors, which were then used to
construct a cyclogram by the LSM method. Two control-
ling paths linking the initial and final activities have ap-
peared in Figs 4, 5. Owing to the assurance of the
continuity of the activities (TCM I), LT 1, LT 2 and LT 3
now make for the maximum proximity of activities 1, 2 and
3. When examining the course of the activities and tracing
the controlling path (CPH), one can notice that the mini-
mum project time is obtained by adding up the appropriate
durations of the activities in the sectors, which may form
two independent controlling paths. The cyclograms and the
controlling paths are shown in Figs 4, 5.

Units

80

338 76
70 y Process 4
68
80 4 _____ 60
60 / Process 3

52
2y / V Process 2
40 M S == 40

E’" “ %/;‘2/40 Process 1
H 32
Sil20 |24 / 24
5 430,,,,
10 {12 / 12
Slo f
1 2 3 4 Sectors

Fig 4. Cyclogram with controlling path (course 1)
(Units, Process 4, ..., Sectors)
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Fig 5. Cyclogram with critical path (course 2) (Units,
Process 4, ..., Sectors)

Two courses of the controlling path for the networks
of interdependences are shown in Figs 6, 7. When exam-
ining the layout of the activities, one can notice that be-
cause of the imposed constraints (condition I, TCM I) all
the activities performed in the sectors have a critical char-
acter even though they are not on the controlling path.
Because of the activities performance continuity condi-
tion (TCM I) the extension of the duration of any of ac-
tivities will affect the total project time TT.

The modified (using Goldratt’s method) activity du-
ration times are shown in Table 2. Network of depend-
ences with time buffers is shown in Fig 8. FB and PB
values for the sequence of activities and for the control-
ling path were introduced. Computations were performed
using the ORGANIZATOR program and the results are in
Fig 9. When examining the cyclogram, one can notice
that the feeding buffers became part of the critical chain,
directly affecting total project time TT. Even though the
particular activity durations were reduced by half and the
reduced durations were replaced by a buffer of 25 %,
TT = 74 units was obtained, ie the total project time was
not proportional but only slightly reduced — from 76 to 74
units.

Fig 6. Network of dependences for input data given in Tab-
le 1, CPH as bold arrows
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Fig 7. Network of dependences for input data in Table 1
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Fig 8. Network of dependences with time buffers
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Fig 9. Cyclogram with critical chain and time buffers
(Units, Process 4, ..., Sectors)

Fig 10. Network of dependences incorporating time buffers
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Fig 11. Cyclogram with critical chain and time buffers
(Units, Process 4, ...)

Table 3 with the entered modified (according to Gold-
ratt’s method) numerical data (durations of activities in
sectors) was compiled on the basis of the variant with the
controlling path (formed of final activities) shown in Fig 5.
The network of dependences incorporating time buffers is
shown in Fig 10. The numerical values of FBs were loca-
ted at the ends of the sequences of activities. An analysis of
the cyclogram (ensured activities continuity (TCM I),
computations performed using the ORGANIZATOR pro-
gram) in Fig 11 shows that the feeding buffers are now
located in the critical chain of activities and on the control-
ling path and so have a direct bearing on the total project
time — TT = 72 units. The feeding buffers (FB) have a
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character of activities and they are treated as activities in
computations. A reduction in their size contributes to a
reduction in the total project time.

5. Conclusion

The above analysis and computations have shown that
the reduction of the duration of individual activities, taking
into account 25 % time buffers, does not result in a propor-
tionally shorter total project time. Goldratt’s method is an
oversimplification and it may suit only sequential activi-
ties. The total project time depends on what critical chain
components are selected. If one examines the graphical
models (cyclograms constructed in accordance with the
LSM methodology), it becomes apparent that if a critical
chain located as closely as possible to the cyclogram’s
right edge is adopted, this results in a shorter total project
time. Feeding buffers (FB) in cyclograms must be treated
as separate activities in order to ensure the continuity of
work for contractors and avoid financial losses due to un-
necessary stoppages. Using the task scheduling algorithms
included in the ORGANIZATOR computer program one
can reduce the total project time by changing the sequence
in which activities are performed in sectors, provided the
work sectors are independent and available. Depending on
the quantified unit risk of a given activity it is possible to
adopt FBs and PBs of different size. Through them one can
take into account the particular technical conditions of
different construction processes, the local constraints and
the risk factors.
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LAIKO ATSARGOS STATYBOS PROCESU KALENDORINIAME PLANAVIME

M. Rogalska, Z. Hejducki

Santrauka

Straipsnyje nagrinéjamos CCS/BM metodo pritaikymo galimybés nepertraukiamo LSM (grafinio linijinio modelio) staty-
bos procesy kalendoriniam planavimui. Tikrinama laiko atsargy, tokiy kaip laiko atsargos pasirengti (FB) ir laiko atsargos
projektui baigti (PB), jtaka projekto trukmei (TT). Nustatyta, kad laiko atsargos pasirengti neturi tiesioginés jtakos projek-
to trukmei, jeigu daroma prielaida, kad statybos procesai yra nepertraukiami. Esant kitoms straipsnyje aptariamoms saly-
goms, pasirengimo laiko atsargy (FB) poveikj bendrajai projekto trukmei (TT) reikéty patikrinti.

ReikSminiai ZodZiai: kritiné procesy seka, laiko atsargos, grafinis linijinis modelis.
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