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IntRoDUCtIon	

When projects are to be undertaken 
it is necessary to visualise all the 
operations of the project, arrange 
these operations in their proper 
sequence, achieve confidence that 
every participant of the building 
process (the owner, the architect and 
the contractor) understands each of 
his tasks, acquires the know-how 
and means necessary to perform 
them and feels convinced that the 
method chosen for performing all 
tasks is the most progressive and 
economical. Thus all projects have to 
be efficiently planned at the investor’s 
(owner’s), architect’s and contractor’s 

sides. In the planning and design 
stage of the project several specific 
problems must be solved and many 
points of view have to be taken 
into this decision process. A lot of 
these questions including the cost 
assessment can be efficiently solved 
by creating of a computer model of 
the flow of the building process of the 
structure. The model must be based 
on the construction technology and 
cost analysis of the building process 
including the analysis of the spatial, 
technological and time structure, see 
Jarský et al. (2003), and must reflect 
all of the main points of view and 
architectural, technical, technological 
and economical links of the building  
process.

construction technology, 
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The paper describes the main principles and results of the integra-
ted cost estimation and project management microcomputer expert 
system developed in the last years on the base of the spatial, tech-
nological and time analysis of the building process with use of the 
methodology of the construction technology design. This expert sy-
stem is based on quick modelling of the building process by use of typical 
network diagrams, which are prepared in advance, created by an original 
construction technology network diagram method. The typical network 
diagrams can be modified according to the spatial conditions of a certain 
building and to the amount of construction works and materials. Thanks 
to the database of construction processes and to the typical network di-
agrams the model of the building process including the cost assessment 
can be made about 50 times quicker than by use of current cost estima-
tion or project management systems, quality assurance checklists, envi-
ronmental plans and plans of the safety at work included.
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The market conditions in building in-
dustry force further every contractor 
to be able to react very quickly while 
making his bid to the requests of the 
investor for getting the order, inclu-
ding the cost analysis. Therefore the 
contractor must have means that are 
capable to create the basic documents 
of the bid, e. g. price and technology 
analysis, time schedule of the pro-
posed building process, selection of 
basic means of production (machines, 
labour) etc. The linkage to the quality 
assurance system appears here even 
in the first stage of planning of the 
project, see Gašparík (1999). It is desi-
rable to be able to make use of the do-
cuments made during the bidding pro-
cess further for actual management of 
construction processes on site and for 
quality assurance of the whole project 
after a certain contractor was selec-
ted. To make such evaluations as pre-
cise and quick as possible an expert 
computer based project  planning and 
management system has been deve-
loped, which is capable to model very 
quickly not only the building process 
of the project itself, including the cost 
and other resource analysis with qua-
lity assurance checklists, environmen-
tal plans and plans of the safety at 
work, but simultaneously the process 
of maintenance and reconstruction 
needed in the years to come, or even 
the process of demolition if need be 
(Jarský, 2000). 

Basic	Requirements	on	the	
building	process	model	
The feasibility study of the developer 
must answer some main questions, 
among others especially what the pri-
ce of the project will be, what the time 
schedule and flow of the building pro-
cess will be and whether it is possible 
to keep the required deadline of the 
project from the technological point of 
view. The total desired time of service 
and the quality level has to be stated 
too. It is desirable for the investor to 

have the possibility to model even 
some contractor’s data about the buil-
ding process of the project, especially 
what the actual cost for the project will 
be and therefore the resulting profit, 
how many craftsmen in special pro-
fessions are necessary, what sorts of 
machinery and when they are needed 
on site, how the cash flow and finan-
ces will be secured in proper terms 
and how the quality of the project and 
its parts will be assured and contro-
lled, see Makýš (2002).

With the help of the developed expert 
system the investor has the possibility 
to simulate the proposed time and re-
source flow of the building process of 
the project on a microcomputer even 
if the topical relevant data about the 
project in the planning stage are very 
poor. The more precisely the task is 
determined the better results can be 
obtained from the model. On the base 
of the typical network diagrams and 
database of construction processes a 
model of the actual erection of a buil-
dings and a model of its maintenance 
and reconstruction can be automa-
tically created. After completing the 
model the investor can decide abo-
ut actual resource allocation in time 
according to the whole time of service 
(including the influence of inflation) 
and maintenance and reconstruction 
cycles needed according to durability 
of constructions used in the buildings. 
The model of the building, mainte-
nance and reconstruction process is 
based on the main documents of the 
construction technology design. 

on	methodology	of	the	
construction	technology	design	
The methodology of the automated 
creation of the basic documents of 
the construction technology design is 
described in Jarský (2000). The main 
documents in construction technology 
design include files of technological 
standards, sometimes called as tech-
nological analysis sheets or program-

mes, and network diagrams. The close 
link between these documents which 
is used in the expert system enables 
to elaborate bar charts, line-of-balan-
ce graphs, allocation graphs of dif-
ferent technological and economical 
resources and quality assurance chec-
klists, environmental plans and plans 
of safety at work.  Hitherto the said 
documents, on one hand technologi-
cal standards (programmes) and on 
the other hand network diagrams have 
been mostly processed subsequently, 
separately. Their close construction 
technology relationship has been of-
ten disregarded and network diagrams 
have been elaborated without consi-
stent technological analysis and syn-
thesis contained a number of errors 
which made them useless for con-
struction project control with all con-
sequences thereof, regarding econo-
mical, time and quality losses. Quality 
assurance checklists, environmental 
plans and plans of safety at work have 
been not usually elaborated at all or by 
separate divisions with no connection 
to the actual flow of the building pro-
cess. The simultaneous elaborating of 
technological standards, network dia-
grams, cost analysis and quality assu-
rance checklists, environmental plans 
and plans of safety at work used in the 
expert system, eliminates the proce-
ssing of network diagrams without the 
technological analysis and synthesis 
of all three structures of the building 
process and makes possible to use 
the close link between technological 
standards and documents for quality 
management, environmental manage-
ment and safety at work management 
in the project.

The technological standard (techno-
logical analysis sheet or programme) 
determines the technological structure 
of the production process (sequence of 
construction processes, volume of pro-
duction, labour and cost consumption, 
number and profession of workers or 
machines etc.). According to the calcu-



193č. jarský · on computer modelling of the building process in construction planning and ... · pp 191-199

lated network diagram the technologi-
cal standard includes a bar chart which 
indicates the time structure of the pro-
duction process. Further a technologi-
cal scheme showing the spatial structu-
re of the process is usually added. The 
connection between the time structure 
and the spatial structure of the buil-
ding process can be seen in the line-
of-balance graph (time-space graph). 
The quality assurance checklist which 
is automatically created according to 
the technological standard consists of 
instructions for performing the quality 
checks of the resulting product at every 
significant construction process, simi-
larly the environmental and safety at 
work plans.
According to the values of the durati-
on of the processes and the minimum 
working space necessary it is possible 
to determine (with regard to the direc-
tion of the course of processes) the 
critical approximation of construction 
processes and to link these processes 
immediately in the optimum way in 
the construction technology network 
diagram method with regards to the 
condition of the quality of the resulting 
products of construction processes. 
Thus all documents mentioned above 
after the network diagram calculation 
depict floats of the construction proce-
sses. Floats are subsequently used for 
the optimisation of the building process 
from the point of view of limited resour-
ces in different time periods.

Links	in	the	construction	
technology	network	analysis	
method
The construction technology network 
analysis method used by the expert 
system was designed for simultaneous 
evaluating of technological standards 
and network diagrams and for the opti-
misation of linking the construction pro-
cesses from the point of view of maxi-
mum use of minimum working space on 
site necessary for the efficient, econo-
mical and safe performing of construc-
tion processes including technological 

pauses. This network analysis method 
uses the activity-on-node network dia-
gram. All four types of links of activiti-
es introduced in the precedence graph 
method (finish - start, start - start, finish 
– finish and start - finish), see Ahuja 
(1976), were included in the constructi-
on technology network analysis method 
too. The main disadvantage of the pre-
cedence graph method is the necessity 
to know the actual values of lag times 
between every two activities that are 
linked together and their duration while 
creating the network diagram. This wo-
uld make the concurrent evaluation of 
the technological standard and of the 
network impossible.

is 2/8, that is 25 %, see fig. 1. Intro-
ducing this link in the construction 
technology network diagram method 
means not only a simplification of in-
putting the data of the network dia-
gram but it permits a wide formation 
and utilisation of typical network dia-
grams as computer files for the erec-
tion, maintenance and reconstruction 
of different sorts of buildings with 
the possibility of their modification 
according to the spatial structure of 
the actual building. There are usually 
only three main types of working spa-
ce for different activities on site ( for 
sub terrain structure or works on the 
roof, for erection and plumbing,  for fi-
nishing works). Thus only three values 
of the main working space indexes are 
sufficient to evaluate practically all te-
chnological constraints in the building 
process. In the typical network dia-
gram the values of the working space 
indices are given parametrically. While 
stating data about the actual building 
the typical network diagram can be 
modified by stating of the 3 main wor-
king space indices only.
The situation of linking two processes 
of technological stage  and  is illustra-
ted in the line-of-balance graph on fig. 
2 a, b. Each process of technological 
stage (e. g. foundation, superstructu-
re etc.) consists of several construc-
tion processes (working gangs, e. g. 
formwork, reinforcement, concrete 
laying etc.). Values  and  represent the 
duration of processes of technological 
stage,  and  their time of launching,  
the technological pause after comple-
ting the  activity,  is the working space 
index. In the first case (fig. 2 a) if the 
last construction process in the pre-
ceding process of technological stage  
is shorter, than the first construction 
process in the following process of te-
chnological stage,  the lag time e can 
be automatically calculated according 
to formula (1).

Therefore the construction technology 
network analysis method introduces 
the 5th type of link, the construction 
technology link that results from the 
condition of release of the minimum 
working space on a structure by the 
previous work gang so that the fo-
llowing work gang could start as soon 
as possible. The lag time is not given 
by a certain time value but it is calcu-
lated by the computer according to the 
duration of linked activities and to the 
spatial structure of the building, whi-
ch is represented by a working space 
index f. This index is determined by 
the ratio of the minimum working spa-
ce needed for the gang divided by the 
total working space in the building, e. 
g. in a 8 storey administrative building 
the usual minimum working space are 
2 floors, so the working space index f 

M - minimum working space
T - total working space
f - working space index

M

T

Figure	1.		Working	space	index

f= ⋅ 100 [%]M
T

ε = (ti - T’i) .fij + T’i + TPi + δ (1)
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The d value rounds the lag time to 
whole time units, so that the topical 
work gang would start their work at a 
certain time unit in the morning. 
If  the first construction process in the 
following process of technological sta-
ge is shorter than the last constructi-
on process in the preceding process 
of technological stage, (fig. 2 b) then 
the lag time e is calculated according 
to formula (2). 

Further, the construction technology 
network analysis method introduces 
the 6th type of link, the flow link, that 
results from the condition of continu-
ous course of a construction process 
on different products, e. g. sections, 
buildings etc. The 7th and 8th types 
of link, the partial links, describe the 
condition that a following activity can 
start (or must finish) after the comple-
tion of a certain part of the previous 
activity or vice versa. These links are 
determined by the partial link indices 
that represent the ratio of the duration 
of finished part of the previous activi-
ty divided by the total duration of the 
previous activity (type 7) or the ratio 
of the duration of unfinished part of 
the following process divided by the 
total duration of the following proce-
ss (type 8). If this index is negative it 
represents the same ratio but for the 
following (type 7) or preceding (type 

8) activity. Using the flow link modi-
fied typical network diagrams or eva-
luated network diagrams of buildings 
can be automatically linked into a gre-
ater network that may represent the 
building process of the whole project 
consisting of more buildings, e. g. a 
housing estate, an industrial plant, or 
its maintenance or reconstruction. In 
this case the flow links are generated 
by the system at activities that are per-
formed by specialised work gangs that 
proceed continuously from one buil-
ding to another. The network diagram 
can be calculated on the deterministic 
or stochastic base.

ε = (tj - T’j) .fij + T’j + TPi + δ (2)

Sj =  max {[Si + (ti - T’i) .fij + T’i + TPi + δ)]; [Si + ti - tj + (tj - T’j) .fij + T’j + TPi + δ]}  (3)

Fi =  min {[Fj - tj - TPi + (1 - fij) .(ti - T’i) - δ];  [Fj - T’j - TPi - fij .(tj - T’j) - δ]}  (4)

In the time analysis of the network 
diagram using the construction tech-
nology link, the start of the following 
activity can be calculated during the 
forward calculation according to for-
mula (3), the finish of the preceding 
activity can be calculated during the 
backward calculation of the network 
diagram according to formula (4). 

a)  (ti - T’i)  ≤   (tj - T’j)
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Principle	of	modelling	the	
building	process

The main condition for modelling the 
erection, maintenance and reconstruc-
tion process is stating the task and 
intentions of the investor. Sometimes 
the investor has only very approximate 
imaginations what he wants to be built. 
In the very first stage he usually knows 
e. g. that there is an intention to build 
two concrete industrial halls, one about 
40 000 m3 of build-in space and the se-
cond with about 15 000 m3 of space. He 
has some propositions and drafts about 
the layout and about the construction 
system. Later the investor usually has 
a certain level of design of the project 
including the bill of quantities which is 
very significant.
Then, a database for the quick mode-
lling of the building process is available. 
This database consists of the main data 
about all construction processes at the 
technological structure of work gangs. 
It includes main facts about time stan-
dard, productivity of labour, price of the 
product, number of workers, technologi-
cal pause and other 20 economical and 

technological resources (material costs, 
wages, costs for machines, overheads, 
average profit, machines, materials, pro-
fessions etc.). For the possibility of quick 
making of the quality assurance checkli-
sts, environmental plans and plans of 
safety at work another databases of the 
checks of the quality of resulting pro-
ducts (what must be controlled, in which 
way, according to which standards etc.), 
environmental aspects and risks of sa-
fety at work were created. Theese data-
bases are closely linked with the databa-
se of construction processes.
The typical network diagram of a buil-
ding or maintenance process as a com-
puter file contains the data about the 
sequence of the construction processes, 
and their linkage. It is preferable to use 
especially the construction technology 
link stated parametrically as much as 
possible, or other sorts of links with the 
lag time equal zero. Under these conditi-
ons the typical network diagrams can be 
easily modified according to the spatial 
structure of the actual building. The volu-
me of production and costs and price of 
all activities that are included, too. They 

are related to an adequate custom-ma-
de measure unit, usually m3 of build-in 
space or m2 of reconstructed area in case 
of a reconstruction. As stated above the 
typical construction technology network 
diagram can be modified according to 
the spatial structure of the building pro-
cess by using the 3 main minimum wor-
king space indices.
When the user simulates the building 
process he calls up in the very first stage 
the typical network diagram of the cer-
tain building, modifies it by stating the 
actual main working space indices and 
the computer generates the first draw 
model of the erection process, including 
the time and cost analysis data which 
are transferred from the database of con-
struction processes. Thus, the user can 
get the first model much quicker than 
by the use of classical project manage-
ment systems that require to create the 
network diagram by adding relevant acti-
vities one after another and stating their 
duration, resources and links. The crea-
ted model has to be defined with more 
precision according to the facts known 
about the building. It is known that 80 % 

b)  (ti - T’i)  >  (tj - T’j)

Figure	2.		Principle	of	the	construction	technology	link
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of the price and costs is influenced by 
20 % of activities only. Volumes of pro-
duction of these significant processes 
have to be stated according to the con-
struction design, prices of the producti-
on, labour consumption and resources 
needed are calculated automatically 
according to the database of activities. 
If the exact bill of quantities is available 
its items and their values (quantities, 
price, labour consumption and economi-
cal and technological resources) can be 
automatically transferred into the model 
according to the technological division 
of labour. After the calculation of the 
network diagram the user gets the early 
and late terms of starts and finishes of 
all activities. Figure 3 illustrates a part of 
the resulting bar chart with main links of 
the construction technology network di-
agram with the analysis of budget items 
which were aggregated to the activity 
“Demolitions adaptational”. The critical 
activities are drawn in red, non critical 
in green, the total float is illustrated by 
dotted line after the duration of a non 
critical activity.

By the change of number of workers in 
the gangs or by changing the tension 
index of time standards the duration of 
activities and thus the whole network 
diagram can be modified. Activities of 
all sorts (not only those from the data-
base) can be included into the network. 
After making these models for all buil-
dings that are included in the project it 
is possible to make a network diagram 
of the whole project by connecting the 
partial networks and linking them toge-
ther with flow links in case of continu-
ous work of specialised work gangs in 
linked buildings.
Thus, it is not necessary to create the 
network diagram individually from the 
very beginning for every project. The 
expert system enables to build up the 
model of the building process of the 
project very quickly from prefabricated 
sections, typical network diagrams of 
different buildings, and to define it with 
more precision easily according to the 
facts gained from the investor’s task. It 
can be easily updated in case of a change 
of different conditions. The network can 

be automatically recalculated from the 
point of view of keeping the deadline of 
the project required. The system then se-
lects activities that have to be shortened 
by adding a certain number of workers or 
by increasing the intensity of work, while 
keeping technological rules and all links 
of the network. 

Naturally all data included in the model 
can be interactively edited and recalcu-
lated. The system enables to print the 
calculated network diagram in different 
forms (technological analysis, bar chart, 
line-of-balance graph, resource allocati-
on graphs of price, costs and cash flow, 
labour consumption, need of work force 
etc.), in Czech, English, Italian or Ru-
ssian. Even in the very first stage of the 
plan it is possible to create the quality 
assurance checklist by the use of the da-
tabase of quality checks. The particular 
network diagram can be then aggrega-
ted into the higher information level of 
technological stages, steps of comple-
tion or to the level of buildings. All do-
cuments that are gained on the base of 

Figure	3.		Bar	chart	with	nD	links	with	overview	of	budget	items	aggregated	into	activity	
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the construction technology network di-
agram can be easily updated according 
to the actual completion of constructi-
on processes on site at a certain term. 
If there is a delay, the system suggests 
what measures are to be done to be able 
to keep the final deadline of the project. 
At the same time it keeps the technolo-
gical rules of the building process. This 
can be visualised in the comparative bar 
chart, where the updated version of the 
building process drawn in bigger lines 
is compared in one document with the 
planned flow of the process. According 
to the recalculated network diagram the 

line-of-balance (time-space graph) can 
be automatically drawn on the plotter, 
see fig. 4, where a very simple example 
of a building process aggregated into 
technological stages is illustrated. 
The outputs from the system are used 
for evaluation of operational plans on 
site and for operational registration 
with the link to the invoicing agenda. 
On the other hand, the operational 
re gistration files from the invoicing 
system can be used for au tomatic up-
dating of the network diagram in the 
expert system and then recalculating 
the terms of activities and of the ope-

rational plan. A new resource allocati-
on balance is the result of the updated 
model of the building process. Quality 
assurance checklists, environmental 
plans and plans of safety at work are 
updated simultaneously in similar 
way from the point of view of terms of 
checks of all construction processes.

Practical	examples	of	use	
The main documents of the constructi-
on technology and cost analysis crea-
ted in the mentioned way can contain 
the model of the building process of 
the project that includes all necessary 
data for the building process control 
and management and resource allo-
cation balancing. The described way 
of preparation and management was 
used in some cases of reconstruction 
of historical buildings and in a large 
number of significant new projects.

A very interesting example of use of 
the expert system for modelling and 
cost assessment of the reconstructi-
on process is the Toscano Palace near 
the Prague Castle, see Figure 5. This 
renaissance palace belongs to the 
Czech Ministry of Foreign Affairs. The 
main purpose of reconstruction was 
to modernize especially the internal 
equipment of the building while con-
serving significant architectural and 

Figure	4.		example	of	the	aggregated	simple	line-of-balance	(time-space	graph)
into	activity	

Figure	5.		toscano	Palace	in	Prague	-	western	façade
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historical details, such as portals, 
towers, façade and the courtyard. All 
documents for project management 
were prepared in about 4 days, in-
cluding technological analysis on the 
base of all construction processes with 
particular calculation of their duration 
according to the time standards, num-
ber of workers in work gangs etc., bar 
chart, line-of-balance (time – space 
graph), resource allocation graphs 
of costs, work force and main materi-
als and quality assurance checklists. 
In this case a lot of old frescos were 
discovered during the reconstruction 
which had to be renewed and the buil-
ding process was stopped for 8 weeks. 
If the classic software was used (Pri-
mavera, MS Project or similar) it would 
not be possible to create the particu-
lar technological analysis on the base 
of the spatial, technological and time 
structure synthesis of the building 
process. Much less particular model 
with too much estimation would have 
been possible to create, with no qua-
lity assurance checklist at all.  In this 
case the model of the reconstruction 
process was regularly updated (once 
a month approximately.). The main si-
gnificance of the network model was in 
the capability of respecting of delays 
caused by these discoveries or due to 
other changes and to calculate measu-
res to be done to keep the final dead-
line of the project. The resulting delay 
was only 3 weeks compared with the 
original schedule. 
As an example of new significant pro-
jects I would like to name the Sazka 
arena in Prague, see Figure 6 – the 
biggest ice-hockey arena in the Cze-
ch Republic. The system was used in 
the planning stage of the project for 
elaborating of the plan of the organi-
zation of the building process. As the 
significant part of the model beside 
the technological analysis, time plan 
and quality assurance checklist was 
the cost calculation, on the base of the 
model different variants of the load 
bearing structure were evaluated from 

Figure	6.		schematic	cross-section	of	the	sazka	arena	in	Prague

the point of view of costs, labour con-
sumption and anticipated profit. The 
resulting documents were a very good 
basis for the management of this pro-
ject by the chosen contractor. 
During last years the expert system 
was used for modelling of the buil-

ding process and costs assessment of 
many different project (industrial are-
as, housing estates, university cam-
puses, bridges, reconstruction of in-
frastructure (sewage, water mains and 
roads) in different Czech and Moravian 
cities and for planning and manage-
ment of projects abroad (Slovakia, 
Hungary, Russia and Italy). All sorts of 
facilities can be modelled, including 
motorways, airports and underground 
railway lines.

ConCLUsIons
The main documents of the construc-
tion technology design created by the 
help of the expert system can contain 
the model of the building process of 
the project that includes all necessary 
data for the building or reconstruction 
process control and management. The 
system enables to create the building 
process model with appropriate cost 
assessment and time-cost analysis 
about 50 times quicker than current 
project management systems. The-
refore it is possible to use the docu-
ments as a part of a feasibility study, 
bid, construction technology design 

and operative plan for the project 
management of the erection or recon-
struction process itself. This model 
can be updated according to the bill 
of quantities or cost estimation. Af-
terwards the quality assurance chec-
klist, the environmental plan and plan 

of safety at work can be automatically 
created. All documents that are gained 
from the system can be easily updated 
according to the actual completion on 
site at a certain term. If there is a de-
lay, the system suggests what measu-
res are to be done in the future to be 
able to keep the final deadline of the 
project. All documents can be auto-
matically translated to Czech, Slovak, 
English, Italian and Russian.

The described system can be used on 
IBM PC compatible computers under 
Windows 9x, ME, NT, 2000, XP, Vista 
and 7 operational systems. Nowa-
days the expert system linked with 
different cost estimation systems is 
used in more than 370 investor’s and 
contractor’s firms in the Czechia and 
Slovakia. The experience from the 
users is permanently used to the inno-
vation of the system, now especially in 
the field of automatic modelling and 
planning of regular maintenance of 
buildings and calculating the utility of 
projects. 
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