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Abstract. Schedule optimization is closely associated with the utilization of resources. Basing 
on Adamiecki’s Law of Harmony, it is proposed that the schedule quality should be assessed 
by the effects of resources’ downtime. According to authors’ approach, scheduling consists in 
allocation of resources’ work. All available resources generate total availability of work. 
Schedule quality assessment should be made by evaluating under-allocated work. It is a 
difference between total work available and work that is actually allocated as a result of the 
analysed schedule. Therefore, under-allocated work stands for resources’ underutilization. 
Under-allocated work should be cost-evaluated over time with regard to particular resources or 
whole groups of resources (i.e. particular contractor’s resources – if construction is performed 
by several contractors). The goal of the schedule optimization is to minimize cost of under-
allocated work, especially in short-term planning horizon. The proposed method of 
harmonization assessment can be used in order to assess and compare any schedules, even 
those planned by independent schedulers for the same scope of works. 

1.  Introduction 
Many scientific dissertations, articles and textbooks have been written about the harmonization of 
work and project scheduling [1]. The problems of scheduling optimization take a special place in the 
literature [2-7]. These problems are related to various organizational systems of undertakings, 
implementation conditions and planners’ aspirations. In terms of organization in the construction 
sector, projects such as “complex of operations” [5] are distinguished, ventures implemented using 
stream methods related to single-type processes, homogenous and heterogenous. Implementation 
conditions are defined by models ordering task implementation, time limitations imposed on tasks and 
limitations of resources’ availability. Planners’ goals are described by various criteria functions, by 
means of which the quality of schedule is being assessed. Unfortunately, the optimization of schedules 
is done rarely, mainly as an auxiliary analysis in the project implementation planning. 

Optimization of construction schedules is related to the use of resources. According to [8], the 
“Harmonization of work is the selection of cooperating contractors of a specific work (here, 
venture), and synchronization of their work in time, basing on the law of harmony formulated by 
K. Adamiecki, which reads: “(…) if work is performed by several units or assemblies, the better the 
economic effect is obtained the more precisely the interacting units or assemblies are matched and the 
more precisely their time of operation is taken into account (…)”. 

The schedule of works facilitates the achievement of harmony of work in project planning. Aiming 
to achieve work harmonization, we assign resources to tasks (we allocate active resources to perform 
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specific tasks), set the technological order and deadlines for tasks. These issues, despite many 
scientific elaborations, are practically resolved through the skills and experience of the planners. Of 
course, many methods have been developed to optimize schedules, but they are packed with 
constraints, which eliminates their application to solve real planning problems. 

A common technique for project scheduling is to place a set of tasks on a time scale with the 
analysis of resource needs (on a time scale). This technique can be effectively supported by computer 
application for planning and controlling project implementation. The most popular are: MsProject, 
Planista (a Polish application), Primavera Project Planner, ProjectManager, Super Project, Pertmaster 
(Primavera Risk Analysis), Project Planning Timeline or Artemis. All these programs perform 
troublesome (for the planner) analyses, generate various listings and charts, check and inform, whether 
the defined by the planner limitations (i.e. technological order of tasks, directive deadlines, defined 
calendars, resource availability, etc.) are met. The planner can correct the previously arranged 
schedule, run experiments, obtaining global and detailed characteristics of the schedule. These 
characteristics are the basis for assessing the quality of the organizational solution, and in case of not 
accepting them, making another attempt to make a better schedule. 

The paper presents the method of an objective, according to the authors, assessment of the schedule 
quality, based on the law of harmony. It should be recalled, that the shortest cycle of construction 
project performance is not an objective criterion for the schedule quality. Construction entrepreneurs, 
when planning building performance, do not aim for a quick implementation of individual 
construction (projects), but for the harmonious involvement of resources. It is about creating such 
schedules that meet constraints placed upon the plan and minimize resources’ downtime.  

2.  Resources in schedule optimization 
As it has already been stated, significant schedule constraints result from resources’ accessibility. Due 
to a different method of modelling their accessibility and needs, two types of resources are being 
distinguished: active and passive ones [9]. 

The active resources are not consumed within the project performance. Their effort in construction 
works performance is measured by the working time (e.g. man-hour, machine-hour). The availability 
of resource results from the resource occupancy and is characterised by the level or profile of 
employment on a time scale (figure 1a). These resources determine the efficiency of a task 
performance. 

The passive resources are subject to wear during the building performance. They may be needed to 
carry out the action: before initiating the action or after its completion, as well as the needs of the 
resource can be determined by the function of the quantity on a time scale. The availability of these 
resources (expressed in units characteristic for them) usually results from the intensity of deliveries 
(quantities on a time scale). This, in turn, is reduced to the function of aggravated supply of resources 
(figure 1b). The function of the totalled delivery is balanced with a similar function of “total 
consumption of resources” (determined by the intensity of consumption, which results from the 
schedule). Passive resources primarily define the logistic effort. They can cause a slowdown in 
building performance or changes in performance’s concept, scope of works or technology. 

The construction processes carried out by specific technologies are characterized by the prism of 
resources. For each highlighted process, the work inputs of active resources and the consumption of 
passive resources are determined. Both these characteristics are referred to as inputs. 

The unit input values are the basis of computer-aided construction production management. They 
create KNR data bases, are useful in cost evaluation, harmonization of works and resources’ 
management. In many cases, schedule optimization does not take into account all constraints on 
resources. And rightly so. Being aware of the complexity of the scheduling optimization task, only the 
constraints that actually occur should be considered. However, there is no schedule optimization 
without resource analysis. 
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Figure 1. Graphical interpretation of resource availability restrictions: a) for active resources, b) for 

passive resources 

3.  Evaluation of the resource use as a schedule quality assessment 
The production schedule implements the vision of using working resources over time. Its purpose is to 
eliminate unreasonable breaks in work of available resources, assigned to complete a particular set of 
construction tasks. 

Resources (means of work) are very diverse. The downtime of one resource may be insignificant in 
relation to the fuller use of another one. Therefore, a synthetic indicator is needed to assess resources’ 
utilization. It is proposed that such an indicator should be based on the costs of losses due to the 
downtime of labour resources. Each active resource provides the contractor (employer) certain 
financial benefits while working. They result from so called indirect costs and a profit calculated on 
the basis of indirect costs, labour and equipment costs. The percentage rate of indirect costs varies 
between 45-80 % of direct costs. Knowing unit costs of labour and machines, it is not difficult to 
determine the costs of losses as a loss of potential income during resources’ downtime. This loss 
comes from the loss of funds that the entrepreneur would gain from the overheads calculated for the 
direct costs of working resources. 

The unit loss cost (per unit of time) cl due to the downtime of the l-th resource can be calculated 
with the following formula [9]: 𝑐௟ = 𝑐௟௝ ∙ ௪ೖ೛ଵ଴଴ ∙ ቀ1 + ௪೥ଵ଴଴ቁ,     (1) 

where:  𝑐௟௝ − unit labour cost of the l-th resource, 𝑤௞௣, 𝑤௭  – percentage ratios of indirect costs and 
profit. 

Such indicators should be determined for all active resources (hereinafter – the set {Sa}) used to 
perform works in the planned building project. 
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The “under-allocated work” concept is known in the project scheduling. Computer applications 
display this characteristics over time for all the analysed resources. It is the difference between the 
work available and work that is actually allocated as a result of the analysed schedule. Therefore, it 
stands for resources’ underutilization. Under-allocated work should be cost-evaluated over time with 
regard to particular resources or whole groups of resources (i.e. particular contractor’s resources – if 
construction is performed by several contractors) of not using the resource. If we assume that for a 
given resource l, the construction contractor z, of the time interval 〈𝑇; 𝑇 + 𝑡〉 the 𝑁௭௟(𝑡) resource’s 
work demand is known (determined on the basis of the schedule) and availability (specified by a 
number) of this resource is 𝑝௭௟ > 0, then we can determine the utilization rate of the resource 
according to the formula (2) or the loss cost due to the under-allocated work of the resource – with 
formula (3): 

 𝛼௭௟(𝑡) = ே೥೗(௧)௣೥೗(௧)∙௧, (2) 

𝑐௭௟௣ (𝑡) = ሾ𝑝௭௟(𝑡) ∙ 𝑡 − 𝑁௭௟(𝑡)ሿ ∙ 𝑐௟ .    (3) 

Summing up the costs for all resources owned by a given construction contractor, we can plot 
histograms of costs of losses for under-allocated in the adopted time scale. However, in order to assess 
harmonization quality, it is proposed to calculate an appropriate evaluation index for the period of time 
t, according to the formula: 

𝐶௭(𝑡) = ∑ ሼ𝛼௭௟(𝑡) ∙ 𝑐௟ ∙ 𝑝௭௟ሽ௟∈ௌ∑ೌ ሼ𝑐௟ ∙ 𝑝௭௟ሽ௟∈ௌೌ       for ሼ(𝑧, 𝑙)ሽ: (𝑐௟ ∙ 𝑝௭௟ ≠ 0).                                         (4) 

To compare project schedules carried out by various contractors, we should aim to establish the 
assessment index in an absolute scale. However, because the harmonization of work is variable in 
time, and the production activity of particular contractors is practically endless, this index should be 
determined as a function of time.  

The resources utilization index 𝐶௭(𝑡) is a quantitative expression of the schedule quality, or more 
precisely – quality of the harmonization of works. If the value of this indicator approaches to 1, the 
schedule is of a high quality, otherwise, if it approaches to 0, it is a signal that the work of resources 
has not been harmonized. The resource utilization index can be carried out for each implementer 
individually, for the entire schedule and in both cases – at any time period of time. Such analyses are 
illustrated with the example below. 

4.  The example of the schedule quality analysis  
In order to assess the schedule quality, the following must be known for the distinguished contractors: 

• availability of resources (labour and machines) – the amounts of particular resources assigned 
to particular schedule tasks (if this availability varies over time, it is necessary to know the 
resource availability profiles in a time scale); 

• labour demands for particular resources as a function of time (for example on particular days 
of the schedule under consideration); 

• resource unit downtime costs – a potential loss due to the downtime (under-utilization) of each 
resource in a unit of time (i.e. within 1 hour). 

 
Let’s analyse the quality of works’ harmonization in tasks performed by two brigades, according to 

the schedule shown in figure 2.  
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Figure 2. An example schedule of works for two brigades.  

All the resources assigned to particular brigades and their availability profile (availability in time) 
can be found in figure 3 (Brigade 1) and figure 4 (Brigade 2). The coefficient 𝛼𝑧𝑙(𝑡), required to 
calculate the quality index, according to the formula (4), can be generated directly in MsProject 
Resource Usage view, as it shown in figure 3 and 4.  

 

 

Figure 3. Brigade 1 work analysis – MS Project widow view. 
 

 

Figure 4. Brigade 2 work analysis – MS Project widow view. 

Id. Tasks Duration
1 Brigade 1 tasks 7 d
2 Preparing the subsoil for the earth-dam emban 2 d
3 Acquiring and transport of the soil 5 d
4 Forming and thickening the earth dams 5 d
5 Brigade 2 tasks 6 d
6 Moving earth masses with bulldozers 1 d
7 Preparing the subsoil for mac-adam 3 d
8 Laying the macadam 2 d

31 01 02 03 04 05 06 07 08 09

pzl (t) 

Nzl (t) 

αzl (t) 
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Figure 5. A histogram showing the harmonization (and resources’ utilization) assessment in particular 
days of the project. 

 

Figure 6. A graph showing the harmonization (and resources’ utilization) assessment function in a 
variable period of time counted from the beginning of the project. 

 
Figure 5 presents a histogram showing the assessment of harmonization and resources’ utilization 

in particular days of the project implementation. This chart was created using formulas (2) and (4) and 
assuming an 8-hour working day. For each day, the resources’ utilization rates were calculated for 
each resource, and then the assessment index was obtained with formula (4). 

Graphs in figure 6 illustrates the harmonization assessment function in a variable period of time, 
counted from the start of the project to the time defined on the coordinate axis. Therefore, it can be 
read from the graphs, that the coefficients of resource utilization in the whole performance are equal to 
0,71 for Brigade 1 and 0,43 for Brigade 2, which means that work of Brigade 1 is better harmonized 
and resources’ utilization is better.  

The planner, however, may not always take into account the entire work schedule. Especially, 
when the scope of works for individual implementers will change through the arrival of new tasks, 
which were not included in the analysed schedule. In this case, it will be more important to harmonize 
the work of resources in a short-term horizon. The charts presented above contain all the information 
in this regard. 

5.  Conclusions 
The proposed method of harmonization assessment can be used in order to assess and compare any 
schedules, even those planned by independent schedulers for the same scope of works. The clue of the 
presented approach lies in the dependence of the assessment on time and making the assessment in a 
uniform scale from 0 to 1, where 1 stands for a complete harmony in resources’ utilization and 0 
stands for an inactivity of the implementer. 
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