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Abstract

In this paper we presents the incluson d qualitative
arithmetic  @bou planning poblem in  Software
Development projeds. Our goal is to simulate subsystem
of human resource belonging to the dynamic system of
Abdel-Hamid to evaluate its behaviour. We mode this
subsystem like a CSP(constrains stisfadion problem).
Next, we implement this under the @nstraint
programming paradigm as we did in a previous work. This
qualitative aithmetic is based onother works[Agell 199§
[Travé-Massuyés 1989 however it is adapted to this
particular problem.

All this will serve us to study the possble behaviours of
subsystem of human resource dong the time, in order to
obtain a dea ideaof itsevolution.

1.- Introduction.

1.1 Qualitative Simulation.

Qualitative simulation is espedally useful when we dorit
have excessor lack of quantitative information in order to
simulate adynamic system.

Qualitative reasoning is considered as one of the
discipline of the atificial intelligence It aimsto provide a
technique to cary out designs, diagnosis, analysis and
simulation where knowledge that we have of the systemis
little. Qualitative reasoning tries to incorporate the
observations coming from the common sense or the
intuition. Furthermore, it incorporates the expert's
knowledge, and it gives qualitative eplanations of the
behaviour of a system based on qualitative descriptions of
the posdble situations of the red world.

The word dynamic implies that time dependent processes
will be the main interesting subjects. Dynamic system

implies that we will study the time behaviour of the
system under investigation.

Qualitative simulation predicts the set of posshle
behaviours of the world. Its value comes from the aility
to express natural types of incomplete knowledge of the
world, and the &ility to derive aprobably complete set of
possble behaviours in spite of incompleteness of the
model. [Kuipers 199

Qualitative simulation starts with a qualitative description
of red world, and a qualitative description of an initial
state. Given a qualitative description  a state, it predicts
the qualitative state descriptions that can possbly be next
succesors of de aurrent state description. Repeaing this
process produces a graph o qualitative state description,
in which the paths darting from the root are the posshle
qualitative behaviours. [Kuipers 2001]

1.2 Constraint satisfaction problem. (CSP).

Constrains stisfadion problems are thase in which you
have aset of variables;, ead of them to be instantiated in
an asvociated domain and a set of Boolean constrains,
which limit the set of allowed values for these variables.
A congtrains stisfadion problem (CSP) is charaderized
as follow: a set V of n variables {v,v,,....v}, and a
domain D, of possble values associated with ead variable
v, and a set of condraints relations R among the
variables in the values that these variables can take on.
One may be required to find the entire set of solutions or
one member of the set or smply to report if the set of
solutions has any member. If the set of solutionsis empty,
the CSP is unsatisfiable. A review abou principles of
congtraint satisfadion can be found in [Miguel & Shen
071]

The use of CSP and qualitative simulation for dynamic
systems can be foundin [Clancy 98].



1.3 Constraint programming.

Constraint Programming is a problem-solving paradigm
that establishes a dea distinction between two pivotal
aspeds of a problem: a predse definition of the
congtraints that define the problem to be solved and the
algorithms and heuristics enabling the seledion o
dedsions to solve the problem.

A constraint may affed many variables of the system, and
these variables may affed another ones. A goodform for
representing these interadiions can be: causa diagrams or
Forrester diagrams. ThingLab is an example of such a
language where aset of constraints (rules) describes the
invariant properties and relationships of al objeds in a
problem space The solutions are the set of values that
satisfy al the constraints smultaneously.

2. Description of the Problem

For along time the development software has been an art
in hands of the improvisation of the projed managers.
These projeds were crried out taking in acourt the
technicd considerations, leaving on a second pane the
considerations that had to do with the alministration.
These aministration adivities (estimation and planning),
were sometimes considered, at the beginning o the
projed, as a protocol act, with few hopes that they were
fulfilled. For projed development, the estimation,
planning, follow-up and control were caried out without
a minimum rigor; most of it was blindly left to the full
trust on the intuition and the projed manager's
experience. Through the techniques that we expose in the
present work, these adivities will now have a
techndogicd support, since we will apply the above-
mentioned techniques.

When the projeds were of medium complexity and you
could take alvantage of the market fever, the enormous
deviations in cost and time with regard to initial estimates
were @nsidered as mething worthless to avoid in a
software projed.

All software development projeds assumed the fact that
final cost and timing of delivering the final product were
something difficult to compromise.

Projeds were more and more complex when the power of
the hardware incressed and it lowered its cost. This
caused that the price of the software began to be
important in the total cost for these reasons they need
more reliable etimates and danning.

For this reason the projed management is one of the
focus areas to which process smulation techniques have
been applied in the domain of software engineeing
during the last decale, starting with the pioneaing work
of Kellner et a. [Kelln 89[Humph 89] and Abdel-Hamid
and Madnick [Abdel 91].

Putnam [Putnan 96 defined the estimate of software
development like the adivity that responds to the
questions: how much will it cost? aad hav long will it
be? Therefore the estimate in software projeds consists
on predicting the time of the projea and the st that the
projec will have when it finish.

3. Solution. Appling Constraints
programming to the Dynamic System of
Abde-Hammid.

3.1 Abdel-Hamid and Manick Dynamic System

The @ncept of using models to represent engineaing
systems doesn' t have anything esentialy new. In fact,
engineaing software project managers use mental models
in an intuitive way when they make dedsions. They seled
among dfferent aternatives acording to the different
effed they produce The relationship that conrects the
posshle adions with its effeds, is the system model. On
the other hand dynamic systems offer us a way to solve
problems where the time is an important fador [Aradl
86]. We will use model of Abdel-Hamid [Abdel 91],
which is composed by four subsystems. Software
production, Control, Planning and human resources. The
rel ationships amongthem are shown in the figure 1.
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Figure 1: System of Abdel-Hamid and Manick

The software production subsystem takes charge of the
basic adivities. These adivities consist on the assgnment
of effort, development, quality and tests. On the other
hand, the ntrol subsystem takes charge of measuring
the progress of the projed and making the cmparisons
with the planning subsystem. The planning subsystem
caries out the function of revising and modifying the



initial estimation of the project and this is done according
to the information that the system gets from control
subsystem. The human resources subsystem, object of our
study, is responsible for recruiting, training of selected
staff and transfer of human resources among projects.

This subsystem is shown in the figure 2. Technicians are
divided in two groups: calow technicians and
experienced
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Figure 2: Subsystem of human resources.

technicians. This division is necessary for several reasons:
Training, productivity, needed effort, rotation.

Training. New members in the project require a period to
adapt. Along the period, productivity shows to be low. At
the same time, senior staff gives training and company

knowledge to recent comers. This show to be expensive for
the company as seniors are not hundred per cent producing

Productivity. Main issue is that the fact mentioned above
affects the whole team. The decision to measure the need
of effort istaken on an intuitive base.



Necessary effort. To determine the necessary total effort,
or what is the same thing, the number of necessary
technicians, the projed management should consider many
fadors. Fadors to be mnsidered are: effort level needed
to complete the projed inside the planned [limits,
remaining tasks and production stability. It is aways
necessary to keep in mind the phase of the projed in which
we ae. At the end d the projed it is more difficult to
incorporate personal, athough the time and the perceived
effort imply this incorporation, this fact would mean
longer training time for the organization and the work
environment than the projed live itself

Rotation. More than a projed at a time is normaly
caried out in software development companies. The
rotation d senior from a projed to ancther, plus the need
of training for junior by seniors, reduces the ratio of
technicd full time equivalence senior force

Remaining time, human resource stability and training
requirements will affed the quantity of new human
resources that we ae looking for.

3.2 Subsystem of Human Resour ces. Qualitative
Model in Orders of Absolute Magnitude.

To solve the outlined problem we will trea the human
resources subsystem of the dynamic system of Abdel -
Hamid [Abdel 91] as a mnstrains programming problem.
We will make atreament to the system in a qualitative
way to obtain quelitative information of the state variables
of the system.
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Figure 3: Proposed solution.

The equations that serve & base ae ohtained starting from
the Forrester diagram of the Abdel-Hamid model [Abdel
91] presented in the figure 2.

' The ~ signimplies that these variable ae of a next time
step.

Celnwh = ftexwf * mnhpxs

Celtwf = wfexp + cdnwh

Wrfgap = wfs — totwf

Ftna= - wfgap

Fc = wfgap

Fea= -wfgap and wfnew=0
Wfnew = wfnew + fc —fatnp—ftna
Wrfexp = wfexp + fatn — fea—frte
Totwf = wfexp + wfnew

In this group of equations we can dstinguish 3 dfferent
types of variables:

v’ State Variables. For our case, they will be named as
wfexp and wfnew. These variables are those that
interest us in the study of our system. The result of
our adions will reboundin these variables.

v" Flow Variables. They will determine the variations in
the state variables. They represent the adions taken in
the system. In our case they will be named as: ht, etr,
etl, cta and ctl

v'Auxiliary Variables. They will be the rest of variables
of the system. They are used to cdculate the flow and
state variables. Some of them will come imposed
initially and aher they are cdculated starting from
these variables .

Besides of the information in form of equations that we
can dbtain of the Forrester diagram of the Abdel-Hamid
model, an additional knowledge eists on this model
[Abdel 91] necessary to incorporate. We will consider this
group of basic equations and the rest of conditions as a
constraint satisfaction problem.

The resulting equations will be the foll owing ones:

totwf = winew + wfexp

ftexwf = wfexp ® admpps

cdnwh = ftexwf ® mnhpxs

cdtwf = wfexp + cdnwh

wfs = min(cdtwf,wfneed)

wfgap = wfs - totwf

wfnew~ = wfnew + ht~ - cta~ - ctl~ (1)

IF wfgap<=0 THEN ht~=0

IF wfgap>0 THEN ht~ = wfgap ® rs~

IF wfgap>=0 THEN cta~ = wfnew ® asntp~

IF wfgap<0 THEN cta~ =(wfnew — ctl~) ® asntp~

IF wfgap>=0 THEN ctl~ =0

IF wfgap<0 THEN ctl~ = min(jwfgap|,wfnew) ® asct~
wfexp~ = wfexp + cta~ - etr~ - etl~

etr~ = wfexp ® rset~

IF wfgap>=0 OR |wfgap| <= wfnew THEN etl~=0

IF wfgap <0 AND |wfgap| > wfnew AND |wfgap| -wfnew
>= wfexp — etr~ THEN etl~ = wfexp ® aset~

IF wfgap <0 AND |wfgap| > wfnew AND |wfgap| -wfnew
< wfexp — etr~ THEN etl~ = (jwfgap| - wfnew) ® aset~




As we can seenow, the flow variables, that are those that
modify the state variables, dorit belong together with the
defined oresin the original equations. This has been made
this way to be e to introduce the condtions required for
the cdculation d these variables. The new flow variables
will be here named as ht, cta, ctl, etr and etl. These
variables will contain the number of technicians that
modify the state variable values wfexp and wfnew.

The flow new variables depend o others that indicate the
speed of change of flow variables.

The speed of change indicaes the spead with which the
technicians are incorporate to the project or they abandon
the projed. These variables of speed of change will be
cdled here: rset, asntp, rs, asct and aset. When we cdculate
the flow variables to modify the state variables we will
kee in mind that speed.

We have implemented a new operator, here cdled regulate
(represented for ®), with it we can to be &le to generate
concrete values darting from speed change values.
Regulate takes two operands. The first one will be the
variable on which it is necessary to ad and the second will
be the dhange sped for this variable. This way regulate
generates a new flow vaue for the following time step
depending of the dhange speed of the second ogerand.

Next we will shortly describe the meaning d ead ore of
the variables of the model.

State Variables

wfexp Experienced WorkForce It indicates the number of
experienced technicians, which there are in the projed for
ead time step. In the initial instant this variable shoud
have avalue, becaise we nead to know the number of
experienced technicians assgned to the projed in a first
moment. At the beginning the projed we will consider
experienced technicians to those that dont need a social
training, that is to say, which know the organization

wfnew Newly Hired Workforce It indicaes the number of
cdlow tedhnicians involved in the projed. In the initial
instant this variable shoud have avalue, becaise we nedd
to know the number of cdlow technicians assgned to the
projed at the beginning. In thisinstant, sincethe projed is
new, we will consider cdlow technicians those technicians
that neal a social training and that they do not know the
organization.

Flow variables
ht Hired technicians. They will be the number of new
technicians that are hired when we need workforce

etr Experienced tedhnicians that rotate. They are the
technicians that are essgned to ather projeds.

etl Experienced technicians that abandon the projed. It
will be the number of experienced technicians that shoud
abandon the projed. It is not eliminated of the projed any
experienced technician if there ae cdlow technicians that
can be diminated.

cta Callow technicians those ae alapted. They will be
the cdlow tedhnicians that after a time in the projed will
be considered experienced technicians.

ctl Callow technicians that abandon the projed. They
will be the number of cdlow technicians that abandon the
projed¢ when in the projed there ae a number of
technicians greaer than we need.

Auxiliary variables

wfneed Workforce level nealed. It comes of another
subsystem. It is incorporate to the model in ead time step.
It provides information d the technicians that we nedl in
that moment for diverse reasons.

mnhpxs Most new hires per full time expert staff. It
depends of the number of cdlow tednicians that the
experienced tedhnicians can train It will stay stable dong
of the projed lifetime

admpps Average Daily MP per staff. In all organization
the norm is that the technicians don't have exclusive
dedicaion to a projed. They will have to dedicae part of
his time to training, to another projeds or to other tasks not
related with the projed.

rset Rotation Speal o experienced technicians. It
indicates the speed to which the experienced tedhnicians
change of project.

asntp Adaptation Speal of new technicians to the projed.
It indicaes the speed with which the cdlow technicians
bemme experienced technicians

rsReauiting spedl. It indicates the velocity with which the
technicians are hired. Bureaucratic problems cause that the
incorporation of new tecdhnicians is never immediate. It
will depend onead organization

asct Abandon Speed o the cdlow tedhnicians. It will
indicae the spead with which the cdlow tedhnicians will
abandon the projed.

aset Abandon Speead of the experienced technicians. This
parameter will indicae us the speed with which the
experienced technicians will abandon the project If all the
cdlow tedchnicians have @andored the projed or if nore
existsis necessary to reduce experienced technicians.

ftexwf Full Time Equivalent Experienced Workforce
Technicians don't usually have total dedicaion for



different causes. This variable contains the equivalent full
time technicians with the aurrent technicians dedicaion.

celnwhCeiling on rew hires. It will be the maximum
number of cdlow tedhnicians that we can incorporate to
the projed. It will depend an the maximum limit that the
experienced technicians can train.

celtwf Ceiling onTotal Workforce. This variable indicaes
us the maximum number of techniciansin the projed. It is
cdculated as the adition d the experienced technicians
and the maximum number of techniciansto hire.

wfs Workforce level sowght. It is cdculated as the
minimum of the maximum number of technicians in the
projed and the number of necessary technicians. Although
we neal more technicians, we canna have more
tedhnicians than the possble ones.

wfgap Workforce gap. If it is positive we will i ncorporate
techniciansto the projed, otherwise we shoud fire to them

totwf Total Workforce. It contains the adition d the
state variables wfexp and wfnew

3.3 Qualitative Values Election.

The information that we have of the system is insufficient
and quite anbiguaus most of the times. In those caes a
quantitative treament of the system is not posshle. With
the same information, we @n achieve a qudlitative
treatment in most of the cases.

We need a arresponcence of integer values with
qualitative values to trea the system in a qualitative way.
This causes a necessary division of the integer numbers.
To carry ou this division we won't seled afixed value in
the integer numbers. We will simply choose qualitative
values and to impose them an order relation. This way any
expert will have an idea of what is each ore of the
qualitative labels for him, without necessity of providing a
concrete value for eat one of them. A complete study on
the treament in absolute magnitude order can be found in
[Agel 98].

It is necessry to assgn a wrrespondence of magnitude
among the qudlitative labels if we don't want to asociate
quantitative values to the qualitative labels. The qualitative
operators neeal to knowv those magnitudes for generating
the posdble operation results.

Dedsions taken when seleding the order and magnitudes
of the qualitative labels are the following ones:

NH NM NL PL PM PH

< | | | | | >
-0 -p=-2a -a 0 a b=2a 00

As we can see in this dtuation, we have chosen a
symmetricd partition of the integer numbers. Labels PL,
PM, NL, NM teke values inside the intervas
correspording to the same magnitude. The labels PH and
NH take values in open intervals at right and left
respedively.

On the other hand, it is necessry to define a
correspondence among magnitude and quelitative labels
into the interval [0..1].Thisis caused because in the Abdel-
Hammid System there ae operations involving integer
numbers and numbers into interval [0..1]. This variables
are called flow variables.

This treament is a new approach o the work presented in
[Suarez and Abad 200]

We have resolved correspordence between the
qualitative labels and quentitative magnitudes are the
following ones:

FF FM FS

0 p 1/2 a 1

As we ca seein this stuation, we have chaosen a similar
partition d the dosed interval [0..1]. Labels FF, FM and
FS take values inside the intervals correspondng to the
same magnitude.

3.4 Qualitative Operators.

We nedl to define the operators of the restrictions in a
qualitative way because the values of the operands are
qualitative dso.

The result of the qualitative operations depends of the
intervals that we have defined and of the proportions of
these intervals in connedion with the other ones.

For the qualitative values that have been chosen the
definition d qualitative operators will be:



Sum
NH NM | NL 0 PL PM |PH
NH NH NH NH NH NM |- ?
NH
NM | NH NH NM |[NM |NL 0 +
NH NM | PL
NL
NL NH NMN | NLN | NL NL PL PH
H M 0 PM PM
PL
0 NH NM | NL 0 PL M PH
PL NM | NL NL PL PL PM PH
NH NM |0 PM PH
PL
PM |- NL PL PM PM PH PH
0 PM PH
PL
PH ? PL PM PH |PH PH PH
PM PH
PH
Subtraction
NH NM | NL 0 PL PM |PH
NH |? - NM | NH NH NH NH
NH
NM |+ NL NL NM |NM |NH NH
0 NM NH
PL
NL PM PL NL NL NL NM | NH
PH PM 0 NM | NH
PL
0 PH PM PL 0 NL NM | NH
PL PH PM PL PL NL NM |NM
PH PM 0 NL NH
PL
PM PH PH PM PM PL NL -
PH PM 0
PL
PH PH PH PH PH PM + ?
PH
Regulate
PL PM PH
0 0 0 0
FS PL PL +
FM PL PL,PM +
FF PL PL,PM PM,PH

In the operator regulate the columns characterize the
variables for regulate and the rows characterize the speed
of change of these variables. The result of operation isinto
interval [0..c0].

4. Mode Operating.

We consider a new time step when the values of the state
variables change.

For each time step, we need provide the value of the
workforce level needed (wfneed) because this variable is
generated in another subsystem that is not treat here.

We begin with a series of well-known values of certain
variables. We consider these variables asinitial parameters
of the system. The values of initial parameters will stay
congtant for al remaining time. Vaues of the rest of
variables, in the initial moment, are calculated for
satisfying the defined constraint for that time step.

The values of the variable totwf, for each time step, are the
addition of the two state variables valuesin that time step.

The difference among the variable workforce level sought
(wfs) and the variable total workforce (totwf) indicates us
the necessity of incorporating technicians or firing
technicians for the project. If the variable wfs is greater
than the variable totwf we will need to incorporate
technicians to the project. If the variable totwf is greater
than the variable wfs we will need to fire technicians from
the project. Thus, we can know the difference in the
number of technicians.

This will cause a modification in the values of the state
variables, what takes us to the following time step. For
generating the new value of state variables we need to
caculate the values of de flow variables previously. The
values of the flow variables depends of the numbers of
technicians that we need hire or that we need fire and of
the value of the speed of change variables for these.
Operator regulate returns the values of the flow variables
according these two operands. With the new values of the
state variables we calculate the values of rest variables.
These new variables take the values that complete the
imposed restrictions. This way we will have the values of
all the variables of the model for that time step. We repeat
this processto calculate the following time steps again.



5. Example

To seelike the model runswe will give an example.

The initial parameters for the example will be:

Variable Value Variable Vaue
Winew PM Wrfexp PM
Asntp PH Rset PCERO
mnhpxs PL Wifgap PM
aset PH Asct PH
admpps PH Rs PH

Values of the variable wfneed are in this example:

For time step 0: wfneed = PM
For time step 1: wfneed = PL

Predicted behaviour is reduced to around fifty per cent of
the posghbilities in the worst case and in most cases
predicted behaviour is reduced to lest than 33% of the
posgbilities.

Pos 1 Pos 2 Pos 3

To (t1 |to |tl |to |t1
Wfexp | PM |PM |PM | PM | PM | PM
Wfnew |0 |PL |0 |PM |0 |PH

6.- Conclusion and Future Works.

We have presented a method for qualitative simulation of
subsystem of human resources belongng to system Abdel-
Hamid and Madnick system.

We will model this subsystem like a CSP (Constrains
satisfadion problem), that is, it will be modelled as a set of
restrictions that shoud be full satisfied. Next, the
associated program will be generated under the constraint-
programming peradigm.

This smulation of dynamic system provides us all possible
behaviours of the subsystem, that is to say, we obtain all
valid behaviours but we obtain many non valid behaviours
too, this non valid behaviours will be analysed in future
works and will try to eliminate them.

In this paper, we have introduced a new operand cdled
regulate. It transforms g/stem variables by using flow
variables. Flow variables are into interval [0..1], for this
ressons is necessary to define a corresponcence anong
magnitude and qualitative labels into the interval [0..1] and
to define the operand regulate.
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