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Abstract: The aim of the paper isto present one possibility of how to model and solve aresource oriented critical path problem.
As astarting point, asingle criteria model for critical path finding is shortly mentioned. Lately, more criteria functions for this
model are defined. If any project task uses more resources for its completion, its duration usually depends on only one of them —
other resources are not fully used. In here defined multiple criteria approach, these dependencies are not assumed. Each criteria
function is derived from a theoretical task duration based on a number of units of only one resource and on itsimportance. Using
either linear programming model with aggregated criteria function or simple Excel calculation with Microsoft Project software
support, a so-called compromise critical path can be found. On this path, some resources are overallocated and some are underal -
located but the total sum of all underallocations and all overallocations is minimized. All resources are used as effectively as
possible and the project is as short as possible too.
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Abstrakt: Cilem tohoto ptispévku je predstavit jeden z postupt, feSicich otazku stanoveni kompromisni kritické cesty
v modelech projektového fizeni vzhledem k optimalnimu vyuziti zdroju disponibilni zdrojové zakladny. Vychozim piedpo-
kladem modelu je nepfimé imérnost mezi délkou trvani ¢innosti a intenzitou Cerpani zdroje, konstantni intenzita ¢erpani po
dobu trvani ¢innosti a konstantni ohodnoceni vazeb mezi jednotlivymi ¢innostmi. Zakladni struktura sitového modelu je
popsana s vyuzitim omezujicich podminek modelu celo¢iselného programovani a zdrojové zabezpeceni ve vztahu k ¢asové
naroc¢nosti jednotlivych ¢innosti je formalizovano za pomoci kriterialnich funkci. Pocet kriterialnich funkci je totozny s poctem
zdroju zabezpecujicich projekt. Kazdému zdroji v projektu je navic mozno ptifadit uréitou vahu, reprezentujici jeho dalezi-
tost, ¢i ocenéni pro piislusnou ¢innost ¢i pro cely projekt. Vzniklou vicekriterialni Glohu Ize potom pfevést naptiklad
s vyuzitim vazené agregace kriterialnich funkci na klasickou maximaliza¢ni tlohu celo¢iselného linedrniho programovani.
Vysledkem feseni je kompromisni kriticka cesta, na které je souhrn nevyuziti a pfetizeni jednotlivych zdroji minimalni. Po
aplikaci nasledné analyzy optimalniho feSeni je mozno stanovit optimalni pocet zdroji nutny k zabezpeceni daného pro-
jektu vzhledem k vypoétené kritické cesté. Analyza citlivosti optimalniho feSeni dale umoziuje stanovit vétSinu klasickych
ukazatelt ¢innosti jako naptiklad ¢asové rezervy ¢i lhiitové ukazatele.

Klicova slova: sitové modely, projektové fizeni v zemédé&lstvi, vicekriterialni programovani, kompromisni kriticka cesta,
management zdroju, Excel

INTRODUCTION they are not included in the majority of software stan-
dards. In this text, I would like to present one simple ap-
proach, which will help us to effectively allocate and

manage project resources.

Agricultural project management is the process that
assures every aspect of product development and ac-
tions taken to minimize both time and cost in bringing a
product to the marketplace. At present time, the modern
project management uses a lot of sophisticated mathe-
matical methods for project duration minimization, for

METHODOLOGY

cost minimization, for optimal allocation of resources etc.
Many of these methods are based on network modeling
techniques, especially critical path methods, and mathe-
matical programming algorithms. Nevertheless, when
working with resources, many practical approaches are
based on empirical or heuristic procedures, because the
exact mathematical methods are quite hard to use and so
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Recently, practically all project management formaliza-
tion tools were based on the Activity on Arc (AOA) net-
work graphs where all project tasks (activities) are
represented by arcs and nodes are used only for mile-
stones. Actually the majority of project management
software uses activity on node (AON) network graphs.
It means that all project tasks (activities) are represented
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by nodes and their relationships by arcs. When finding
critical path, each project task can either be critical or
noncritical. Let us remind that critical path is very impor-
tant for some project terms and deadlines because the
delaying critical task will cause delay of the project fin-
ish date. My further approach is primarily based on math-
ematical model of the AON network model. This model is
a simply modified integer programming linear model and
all approaches below can be described using this model.
In the following text, no such mathematical model will be
formalized (for more details about this model see Subrt
2001) but the whole idea and approach will be demon-
strated on a practical example from product marketing
branch.

The aim of my approach is to show how to use resourc-
es in project management projects in a better way, more
effectively. This approach deals mostly with the resourc-
es “type of work” (labor forces) because material resourc-
es have different features not suitable for the type of
calculations mentioned below.

As a starting point, let us suppose a project formalized
in a network graph. Theoretically, no matter if we shall
use an Activity on Arc graph or an Activity on Node
graph but AON one is more wide-spread and allows to
model more complicated project management situations
(for example various types of task dependencies etc.). All
later notations will assume AON graphs. Network graphs
in project management we usually use to calculate length
of the project, analyze structure of critical path; to ana-
lyze noncritical tasks (paths) slacks etc. For most of this
calculation, we have to assume fixed duration of a task
(usually deterministic), which in every real situation de-
pends on resources assigned to it and on the amount of
available resource work. (Note that no task in the uni-
verse can be completed without a resource!)

Let us assume there is s resources available for the
projectand s, , s,< s, resources assigned to i-th task. Clas-
sical methods assume that the task duration depends
only on a critical resource, it means on a resource which
amount of work and number of assigned units determines
these duration. The duration of a task can be defined as

k
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wheret isai-th task duration, v*isan amount of work for
one k-th resource unit needed for i-th task completion, r ¥
is a number of k-th resource units assigned to i-th task
and s is anumber of resources assigned to i-th task. The
r-th resourceiscalled critical when
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All other resources assigned to this task are not fully
used and we call them underallocated. It means that prac-
tically on each task in a project, one or more resources
are not effectively used. Of course after completion of the
adequate part of work, these resources can be assigned
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to another task and lag times can be minimized but in prac-
tice this policy does not work so properly (for more in-
formation see Critical Chain Approach Goldratt 1999).
Calculating the project (using mathematical programming
model or by modified CPM method) we obtain critical
path, where critical resources are optimally (100%) allo-
cated and all other resources are underallocated. On non-
critical paths critical resources are 100% allocated too but
due to slacks on noncritical tasks 100% allocation of these
resources cannot be guaranteed on the whole length of
any noncritical path. Applying cost coefficient sensitiv-
ity analysis (or task slack analysis), a detailed result of
the possible infectiveness of resource usage can be
done. This classical approach can be called “single crite-
ria” because while searching critical path, the mathemat-
ical programming model with only one criteria function
in the form of “project duration maximization” is used.

Multiple criteria approach — compromise critical
path

In a multiple criteria approach let us assume theoreti-
cal dependencies of task duration on each resource sep-
arately. It means that each task has as many theoretical
durations as the number of resources assigned to it and
the whole model has as many theoretical critical paths as
the number of all resources defined.

The idea of methods mentioned below is to aggregate
all these “individual” critical paths into one “compro-
mise” critical path where no resource can be defined as
critical and where the sum of resource overallocations is
minimized and the sum of resource underallocations is
minimized too. Analyzing these over (under) allocations
by the application of sensitivity analysis methods, each
tasks assignment can be minimally modified to obtain a
solution with resource assignments as good as it gets.

For solving this kind of multiple criteria model, many
algorithms are available e.g. single criteria optimization
with others as constraints, weighted goal programming,
criteria function aggregation, etc. The most suitable ap-
proach seems to be the last one — criteria functions ag-
gregation. First two are not very efficient because in fact
only one critical path exists and the decision maker has
no reason to limit the theoretical duration of nonexistent
paths. There are many ways of how to aggregate these
criteria functions. The most effective one for this purpose
seems to be a convex linear combination of criteria func-
tions coefficients. In fact these convex linear combina-
tion of coefficients — in the meaning of criteria functions
normalized weights — represent a relative importance of
each resource for the project or for the individual task
where the concrete resource is assigned. This relative im-
portance of a resource can be expressed for instance by
its cost, by its credibility, by risk of its use etc.

Solving mathematical programming model, we obtain a
compromise critical path and its length determining
project duration. On this path (and on some other paths
too), some resources are overallocated (some task have
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not enough resources for their realization) and some of
them are underallocated (these ones have free capacities)
but the total sum of under allocation and over allocation
is minimized and relatively balanced. The higher a re-
source’s weight was set the lover its over (under) alloca-
tion is. The theoretical duration of each critical task is

s k
t;:Zwk\r’—ik
= i

where w, is a weight of k-th resource. From this formula,
the theoretical amount of resources needed for task com-
pletion could be defined as

If the difference Ar* =r'* —r*is positive then the k-th
resource is underallocated and Ar* of its unitsisfree. If
the difference Ar* is negative then the k-th resource
would be overallocated and the number of its units as-
signed must increase by |Arik| to completethetask intime.
If the majority of resourcesfrom resource pool areassigned
to al tasks, we can use global resource weights (w*) for
thewhole project, i.e.

Z\N“:l

When there are many different resources working on
separate tasks it is better to use individual weights for
each task (W), it means to use weights where

Zwﬁ:], i=1,2,...n

RESULTS

Let us have a small part of large marketing project called
“Evaluate Business Approach, Potential Risks and Re-

wards”. This project part has been formalized in an AON
network. It has 8 tasks (nodes) and 6 resources assigned
to them. Each node in the graph includes the following
information: Task ID, Task Name and Assigned Resourc-
es Names. Table 1 shows the amount of resource work
needed for task completion.

Firstly let us apply classical approach where each task
duration is defined as

Vik
b= k:rpzaxs (I’,_k)

sot, =12,t,=10,1,=12,1,=24,t,=24,1,= 24,1, =8 and
t, = 12. Using this approach, we have to keep in mind that
Parker is assigned only to 66.7% of first task’s duration.
It should mean either that be utilises only 66.7% of his
capacity, that his intensity of work shows 33.3% de-
crease, or that he can start 4 hours later than Johnson, or
that he can be finished 4 hours before Johnson etc. Ap-
plying either CPM method or mathematical programming
model with single criteria function

12t, +10t, + 12t, + 24t, + 24t + 24t + 8t + 121, ... max

we obtain critical path 1-3-4-5-7-8 and its length
(project duration) 92h. Analyzing resources on this path,
we can see that that the efficiency of its usage is relative-
ly poor but no resource is overallocated (see Table 3).

Now let us apply multiple criteria approach. Theoreti-
cally we can define as many individual critical paths (cri-
teria functions) as the number of resources in the project
is and a multiple criteria-programming problem arise. For
instance CP for Smith can be described by criteria func-
tion

10t, + 18t,... max

its structure will be 2—4 and its length 28h. Let us assume
each resource has individual weight depending on its
importance for the concrete task (see Table 2). For effec-
tive solving of this problem, we have to find the way of
how to aggregate these individual critical paths into one.
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Figure 1. Corresponding part of the marketing project AON graph
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Table 1. Amount of resource work needed for each task completion (hours)

Task ID 1 2 3 4 5 6 7 8
Resource name

Parker 8 12 24 24 8 12
Hamilton 8 12 8

Lewis 10 24 18 12
Smith 10 18

Johnson 12 8 24

Table 2. Individual resource weights

Task ID 1 2 3 4 5 6 7 8
Resource name

Parker 04 0.2 0.5 0.7 0.5 0.8
Hamilton 0.8 0.3 0.5

Lewis 0.3 04 0.5 0.2
Smith 0.6 0.3

Johnson 0.6 0.1 0.3

Table 3. Important tasks characteristics obtained by classical approach

Task ID 1 2 3 4 5 6 7 8
Task duration (h) 12 10 12 24 24 24 8 12
Total slack (h) 0 2 0 0 0 24 0 0
% of resource allocation

Parker 66.67 100 100 100 100 100
Hamilton 66.7 50 100

Lewis 100 100 75 100
Smith 100 75

Johnson 100 80 100

Critical path length (h) 92

Table 4. Important tasks characteristics obtained by compromise critical path approach

Task ID 1 2 3 4 5 6 7 8
Task duration (h) 10.4 9.8 8.8 222 21 20.4 8 12
Total slack (h) 0 0 1 0 0 23.8 0 0
% of resource allocation

Parker 76.92 136 114 118 100 100
Hamilton 90.9 58.8 100

Lewis 102 108 85.7 100
Smith 102 81.1

Johnson 1154 81.6 108

Critical path length (h) 83.4

According to the algorithm mentioned earlier, we ap-
ply the weighted additive aggregation, where task dura-

tion will be defined as
s Vk
t =S5 wW—
i g i rik

74

andsot, =0.4x8+0.6x12=10.4,1=9.8,1,=8.8,t,=
22.2,t,=21,t,=20.4,t,=8 and , = 12. On the first task,
Johnson is now about 15% overallocated and Parker
about 23% underallocated (see Table 4). Increasing Park-
er’s weight, his overallocation will decrease and decreas-
ing Parker’s weight, his overallocation will increase.
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Changing weights, the project manager can effectively
control resource usage on a task. Practical experiences
demonstrate that 10—15% of over allocation is tolerable
(especially when more than one resource unit is assigned
to a task — for instance in case of manual workers) and
many resources can allow such increase intensity of
work. Applying mathematical programming model with
aggregated criteria function

1041, +9.8t,+ 881, +22.2t,+ 211, + 204t .+ 8t + 121, ...max

we obtain different critical path 1-2—4-5-7-8 and its
length (project duration) 83.4h. On this critical path, the
sum of over- and underallocation is balanced (dependent
on resource weights) and on all noncritical paths, we can
additionally manage overallocation by consuming task
slacks. Tables 3 and 4 compare both approaches. First
one contains characteristics acquired by “classical ap-
proach”, second one by “compromise critical path” ap-
proach.

CONCLUSION

There are several methods of incorporating multiple
objectives in project management problems. One of them
deals with the possibility of critical path finding using
mathematical programming models. Applying multi ob-
jective approach, a compromise critical path with optimum

resource allocation can be found. If each criteria function
represents one single resource, theoretically as many crit-
ical paths as the number of project resources can be de-
fined. After assigning a relative resource importance
number to each resource, one aggregated objective func-
tion arises and the model can be solved using single ob-
jective programming method.

Remember that this approach does not substitute re-
solving resource conflicts using resource-leveling algo-
rithms. It is mostly focused on resource management
within a single task and consequently on finding com-
promise critical path. Sharing resources among two or
more parallel task is an objective of subsequent algo-
rithm.
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