ABSTRACT

Two obstacles frequently encountered by
model builders in personnel planning are
the lack of data on the personal dynamicsof
organizations and of flexible software
systems for execution of models tailored to
particular organizations and issues. In
this paper we present the main ideas behind
the INTERACTIVE FLOW SIMULATOR, a software
system constructed to avoid these dif-
ficulties. A procedure for building
longitudinal personnel databases is out-
lined. An algorithmic view of discrete
time models which encompasses a wide class
of personnel planning and other models is
presented.

I. INTRODUCTION

Personnel planning in large organizations
is an interdisciplinary function which
involves the study and the selection of
courses of action to reduce the mismatch
between needs for and availability of

human resources, between organizational
goals and personal aspirations, and between
short and long term objectives.

One aspect of the planning function is the
consideration of the ways in which the
personnel dynamics of an organization
affect, and are affected by personnel
policies and environment factors. Flow
models can play an important role in this
regard. They permit the study of complex
interrelationships, the representation of
conflicts, the study of different scenarios,
and the comparative evaluation of alter~
native policies. Goal-seeking flow models
assist in the development of policies for
approaching certain targets. Last, buft not
least, flow models enhance the understand-
ing of the dynamics of the past by pro-
jecting the consequences of thelr continua-
tion in the future.

Consulting experience with persons directly
involved in model bullding for personnel
planning, however, shows that many of them
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encounter data and software obstacles that
limit the effectiveness of models as man-
power planning tools. Historical data on
the personnel dynamics of thelr organlza-
tions may not be readily avallable fto them.
Ad-hoc software for implementing their own
models may have to be developed for each
particular modeling task.

To eliminate these limitations a software
system for discrete time flow modeling and
related data analysis, called the
INTERACTIVE FLOW SIMULATOR (IFS), was
developed by the author. The main ldeas:
behind this system are presented in this
paper. The techniques for organizing past
personnel records into databasis that pro-
vide information about the dynamics of an
organization over time are described in
Section II. In Section III we describe an
algorithmic reconciliation of a wide class
of discrete flow models into a model of a
model. This reconciliation allowed the
development of the modeling part of the
above mentioned software system. Section
IV 1llustrates the algorithmic reconcilia~
tion in the context of two simple, well-
known examples. Detalled discussions of
this algorithmic view of discrete flow:
models and of technical software points
will be presented elsewhere.

The author believes that a careful second
reading of the paper with each reader's
own example in mind may provide the best
illustration of this approach. Examples
of databasis and of manpower planning
models that have already been constructed
using the IFS software system will, there-
fore, not be presented here but in a
separate publication.

ITI. DATA ORGANTZATION

The first obstacle a model bullder usually
encounters is the lack of longltudinal
data (i.e., life histories) with which to
quantify the broad historical patterns of
change in an organization. Without this
kind of data the model bulilding task may

"turn out to be either so time consuming

that it becomes impractical, or, even
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worse, dependent on someone's preconcep-
tions about reality rather than on reality
itself.

A vicious cycle of underdevelopment is
often encountered here: in organizations
that do not have some longitudinal data
available, it is difficult to present a
cost/effectiveness argument in favor of
the acquisition of such data. Fortunately
the circle can be broken: a starting and
very useful set of longitudinal data can
usually be constructed with a minimum of
effort and cost in a way analogous to the
construction of motion-pictures from still
photographs. .

Most organizations have payroll or other
computerized personnel files which they
use in day-to-day operations. As time
elapses these files are updated to keep
track of internal moves, reclassifications,
and entries or exits of employees.
Typically, such organizations keep copiles
of old files - say, year-end files - in
storage for a certain period of time.

These stored files contain records of the
persons who were members of the organiza-
tion at the glven moments of time. The
records contain information about each
person's place in the organization (i.e.,
Yorganizational attributes" such as job,
location, etec.) and about the person
itself (i.e., "personal attributes" like
education, age, ete.). Most importantly,
these records contain an identifier such
as a payroll number or social security
number, through which each person can be
traced over successive past filles.

The construction process for an IFS
longitudinal data base proceeds as follows.
Depending on the planning issues of
interest to the organization, certaln
fields of information (attributes) in the
fixed-time files are selected for inclus-
ion in the longitudinal data. Each such
field is partitioned into a number of (non-
overlapping and exhaustive) categories.
The files are then merged according to the
identifier, and the merged file is laid
out so that each person is represented by
a record covering the entire selected time
frame. Appropriate codes for the
attributes are used at those time points
at which the person is not present in the
original files. Records in this new file
still carry the identifier. It is some-
times convenient, as a storage-saving
technique, to condense records that are
the same except for the identifier, into a
single record which contains, in addition
to the longitudinal data, the count of
employees which share the corresponding
data.
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The resulting file contains, therefore,
discrete-time, multi-attribute data. By
using a retrieval language based on
elational database concepts [3] the IFS
oftware system can extract from this type
files either "statiec" ormdynamic" multi-
ai ional tables. Exits, entries of
employees, transition flows of many
vacancy - filling patterns, as well as
fixed-time population profiles, for
instance, can be readily obtained. These
tables may then be displayed and/or used
for estimating parameters of the desired
flow models.

III. A CONCEPT OF A MODEL OF DISCRETE

FLOW MODELS

A second obstacle that a model builder
usually faces is the lack of a flexible
software system within which models
reflecting the realities of his owh
organization could be quickly implemented.
If software is not available the model
builder may often have to use simplify-
ing, but not too realistic, assumptions

in order to have a mathematically tractable
structure. Ad-hoc software could be built
or borrowed. The former alternative
usually implies time delays. In the latter
case the model builder may have to accept
software which contains rules or varia-
tions that do not gquite represent the
situation being modeled.

Fortunately, this software obstacle can
also be overcome. A review of the lit-
erature on discrete (time and state-space)
flow models in manpower planning, as well
as in other areas, shows that many such
models, while differing in field of applica-
tion and in purpose, share a common
algorithmic formulation. This common
algorithmic formulation is, in a very real
sense, a model of a model. A software
system programmed to runderstand" the
model of a model can,.thus, implement any
particular model belonging to this class
and formulated in this framework.

A model, in our algorithmic formulation,
is completely specified by three kinds of
descriptions (Figure 1)

First, the initial description which pro-
vides information about the organization
being modeled as of some chosen initilal:
time. Second, the within interaction
description which provides information as
to now the organization evolves from one
time point to the next time point in the
projection interval. Third, the
description of between-interaction effects,
which provides information about changes,

_if any, in the within iteratlon descrip-

tion from one iteration to the next.
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Figure 2. Model Descriptions

These three elements of the algorithmic
formulation are explored in the rest of
this Section, and illustrated in Section
IV, with two simple examples.

A - Initial Description

The model building task is that of creat-
ing a mathematical structure wilthin which
certain precisely defined issue(s) can be
studied. The first step in that task

1s to state the description of the
organization being modeled as of some
chosen initial time. PFour kinds of
information form the initial descrip-
tion of an organization in our approach:

i - the set of types of the population
elements,

ii ~ the initial population array
iii - the set of types of the vacancies
iv - the initial vacaney array

1 - The set of types of the population
elements

Once the issues to be studied via a partic-
ular flow model have been defined, the ’
level of aggregation of the model
population required to consider the issues
has to be selected. In multitype branch-
ing processes terminology [4] the set of
types of the populatlon elements in the

model has to be selected.

This 1is done by choosing attributes
(dimensions) for inclusion in the model,
and the categories of each such attribute.
The set of categorles for each attribute
is called a set of marginal types. The
set of types of the population elements
is, then, the direct product of the chosen
sets of margilnal types. Since we may have
attributes with just one category in the
model, the set of types of the popula-~
tion elements can always be expressed,

without any loss of generality, as the
direct product of at least two sets of
marginal types.

ii) 1Initial population array

The initial population array in the model
is simply an array of numbers (PO) over

the set of types of the population elements.
Each such number provides the count of
employees of the corresponding type present
in the organization as of some chosen
initial time.

i11i) The set of types of the vacancies

Most manpower models impose constraints on
the number of employees allowed in the
categories of one or more attributes.
These models have to keep-track of
vacancies in the categories of such
attributes so that the population- can
evolve over time satisfying the given size
constraints. The set of types of the
vacancies 1s, therefore, defined as the
direct product of the sets of marginal
types on which size constraints are to be
imposed in the model. Without loss of
generality, the set of types of the
vacancles can always be represented as the
direct product of at least one, but not all,
of the sets of marginal types used for
describing the population elements.

The inclusion of types of vacancies in the
initial description is important and, to
our knowledge, formally new. With few
exceptions, vacancies have been used for

a long time, elther explicitly or implic-~
itly, in discrete time flow models. White
[5] ‘brought them to the same level of
importance as that of the population in
the model. Even White, however, when
considering the conflicts between popula-
tion elements that arise in the process of
£illing vacancies, refers to "substyata in
the population" rather that to types of .
vacancies. The change of emphasis that
our terminology implies helps clarify the
role of vacancies by making more apparent
the population-vacancles duvuality that is
s0 cruclal in the description of this kind
of models.

iv) Initial Vacancy Array

Finally, the initial vacancies in the model
(VO) have to be given as an array of

numbers over the set of types of vacancies,
In summary, the initial description of a

discrete flow model 1s given in our

algorithmic formulation by two tables PO
and VO‘ PO, the initial populatien, contains

as many cells as types of population
elements in the model. VO, the initial

vacancies, contairs as many cells as types
of vacancles in the model.
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B - Within-iteration description

The next component of the algorithmic spec-
ification of this class of discrete flow
models is the within-literation description:
the procedure by which,for each time-~t to
time-(t+1) iteration, the model transforms
the population and vacancy arrays at tine-

t (Pt and Vf) into the corresponding pair
of arrays at time (t+1) (Pt+l and Vt+l)
(see Figure 2).
- WITHIN-ITERATION
Py DESCRIPTION Pt4q
(t—>t41) >
Vi Vi
Figure 2. Within-Iteration Description

element o
ele t a

The within-iteration description, there-
fore, can be viewed as a mapping from the
set of population and vacancy arrays onto
itself. This mapplng can be algorlth-

ordered sequence of parameterized
primitive operations.

Primitive operation

A primitive operétlon 0, the basic build-
ing block of w1th1n—1terat10n descriptions,
is a class of mappings {o ]asA(O)} Each

in this class 1s‘a mapping from

the set of population and vacancy arrays
onto itself. Elements in the class differ
in their parameter, a, a certain vector
with values in A(Q), a parameter space for
the operation O.

A basic set of primitive operations

A basic set of primitive operations, which
allows the algorithmic formulation of
within-operation descriptions of a wide
class of models, contains only four
operations which, for simplicity, will be
called: GROWTH, LOSS, MARKOV and FILL.
Loosely described the roles and parameter-
ization of these four operations are:
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GROWTH - it increases or decreases the
vacancies as required by the size con-
straints, keeping the population array
constant. The parameter of this operation
is the set of growth rates and indicators
for a simulation or determlnlstlc execu—
tion of the operation.

LOSS - 1t depletes the population array by
losses and increases the vacancies
accordingly. The parameter for this
operation is the set of loss rates for the
various population types and indicators
for the simulation or deterministic execu-
tion of the operation.

MARKOV - it moves population elements
between categories of one or more attributes,
and updates vacancies accordingly. This
operation can be used to model flows of
population elements which are not induced
by existent vacancies (internal "push"
flows in Bartholomew's [2] terminology).
Obviously vacancies will not be affected
by strictly markovian moves in attributes
not included in the set of types of the
vacancies, but may be affected otherwise.
The parameter of this operation is the set
of transition rates between categories of
the attributes involved, and indicators for
simulation or deterministic execution of
the operation. This operation may be per-
formed with substochastic or superstoch-
astic matrices to represent a deterministic
branching behavior. Deterministic versions
of population interaction behavior, as in
epidemic or predator-prey models, could
also be performed by this operation. In

-this case the matrix involved may have

some negative entries.

PILL - it creates a cascade of vacancies
on a given directed graph structure on the
set of types of vacancies, with possible
spills to the outside. At each step in
the cascade, replacements to £ill the .
vacancles are selected. Both the pepula-
tion and vacancy arrays are updated after
each replacement. The FILL operation, in
general, can be used in flow models to
represent those flows of population
elements that are caused by the need to
£ill existing vacancies ("pull" flows in
Bartholomew's [2] terminology).

The parameter of this operation includes
the graph of the cascade of vacancies, the
rates of flow of vacancies to the
"outside," methods for replacement selec-
tion, and rules for changes in the cat-
egories of attributes which are induced

by the selection, or the nonselection of a
population element to move. At each stage
in the cascade of vacancies, methods for
selecting replacements are specified as a
sequence of partitions of the correspond-
ing vacancies. Each partition is complete-
ly described by the attributes on which it



operates, the rule used for the breakdown
of the vacanciles, and by numerical data
needed for the execution of the given rule.
Rules may take such forms as priority
schemes, proportional allocations, simula-
tion draws, and optimization mechanisms
including goal seeking subalgorithms.

béhstruction of within-iteration
descriptions

The within-iteration description of a model
is coenstructed by choosing one or more
primitive operations from the basic set,
parameterizing them, and selecting their
order of execution. A primitive operation
may appear one or more times in a within-
iteration description.

The primitive operation chosen for start-
ing the within-iteration description (say
Ol in Pigure 3) acts upon the population

and vacancy arrays at the beginning of the
iteration and produces a new population
and vacancy array pair. These are acted
upon by the second operation (02). The

population and vacancy array pair output
by the second operation are the inputs to
the third, and so on. The arrays output
by the last chosen primitive operation
(On) are, by definition, the population

and vacancy arrays at the end of the
iteration.

C - Description of between - iteration
effects

Between iteration effects-dre changes in
the within-iteration description of a flow
model that take place between the end of

Py o 02 0. Pest
wnmn;;mnwu
DESCRIPTION
Vi {t = t+1) Var
Figure 3. Within-Iteration Description

and Primitive Operations

one ilteration and the beginning of the
next. If the model has a stationary
within-iteration description, the within-
iteration description of the first itera-
tion is used for any subsequent iteration
in the projection interval of the model.

Otherwise, between lteration effects may be .°
used to change the within-iteration :
descriptions as the model execution

proceeds.

A few examples of between-iteration effects

that are often of Interest in planning

models are:

1) Exogenous reparameterization of chosen
primitive operations

If the GROWTH operation is used in a model,
for instance, the growth rates parameter
may be changed overtime as a function of
exogenous projections of personnel size
based, perhaps, on work-related or economic
time series models. The between-iteration
effect will, in this case, accomplish the
readjustment of growth rates during the
projection interval of the model.

ii) Endogenous respecification of the
chosen primitive operations

In a model involving the LOSS operation for
instance, loss rates may be changed over
time as a function of, say, perceived pro-
motion opportunities. If perceived pro-
motion opportunities are defined based on
the previous output of the model, the
change in loss rates 1is a between-iteration
effect of feedback type.

1i1) Deletion, addition or reordering of
primitive operations in within-
iteration description

Suppose, for instance, that the organiza-
tion being modeled contemplates an early-
retirement plan for the third iteration of
the model. The effect of this plan could
be included in the model by a respecifica-
tion of the loss rates or by adding a new
LOSS operation immediately following the
regular LOSS operation in the within-
iteration description of the third itera-
tion of the model. This new operation will
act upon the population depleted by regular
causes of loss, and will produce new losses
and further readjustments of the population
and vacancy arrays. The rates of loss
parameters for this new operation will then
be the conditional probabilities of loss
due to the early-retirement plan, given
that the employee has not left because of
regular causes of loss. The new operation
may be deleted from the within-iteration
description of the fourth lteration if the
early~retirement plan is a one~time period
policy of the organization.

IV. EXAMPLES
Two examples of discrete-time flow models
are presented in this Section for the pur-

pose of illustrating the algorithmic
description covered in Section III.
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1 - Young and Almond [6]

A simple model for predicting distributions
of staff among different grades in an
organization was proposed by Young and
Almond [63.

The organization is assumed to have n

grades. An employee, who at time-t is in
grade g, may leave the organization before
time (t+1) with probability 2 Otherwise

he may move to grade g’ (g'=1,2,...,n)
with probability qg g!* Employees are
3

assunied to move independently of each other.
Let d be the rate of growth of the organi-~
zation. Vacancies created by losses and
expansion during a (t,t+1] time interval,
are filled, during the same interval, by
new employees. These new employees enter
the organization in a grade g, with
probability rg,z rg = 1 independently of

each other.

Let Pt = (Pt(g)) denote the distribution of

employees by grades at an arbitrary time-t
(t=0,1,2,...), Q@ = (q, ,-) the transition

3
probability matrix, and L = (zg) and R =
(rg) the arrays of loss and recrultment

probabilities. The deterministic iteratim
equation can be expressed as

E[P ,11P ] = 5., + {é Py (g)h, + 4 é Pt(g)}R

where

5, = (8¢(8))s Sg(8) = Py(e)(1-2y).

‘Algorithmic Formulation

i - Initial Description

Set of Types of Vacanciles

The size constraint in this.model is not
specified by grades. Rathér, it is
specified for the organization as a whole.
Vacancies, therefore, are a scalar in this
model, or equivalently, form an array on a
one-category attribute. We may,thus, take
"organization” to be an attribute with a
unique category "X", and let {X} be the
set of types of vacancies.

Set of Types of the Population

The
can

set of types of the population elements
be expressed as the direct product

{X}x{grade 1,...;grade n}
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Initial Vacancy and Population Arrays

Let VO =
array on {X}, and PO be the initial popula-

0 be the initial vacanciles, an

tion, an array on the set of types of the
population.

i1 - Within Iteration Description

Ordeped Sequence of Primitivg‘Operations

Four primitive operations are used in this
model: GROWTH, LOSS, MARKOV and FILL.
Growth computes the vacancies created by
the required expansion in size, LOSS
depletes the populatlon, MARKOV creates
the intergrade moves and FILL replaces
vacancies. These operations are executed,
within each iteration, in the above order.

Internal Specification of the Primitive
Operations ) ) ) ’

Clearly, GROWTH is parameterized by d, the
growth rate; LOSS 1is parametérized by L,
the array of loss probabilities and MARKOV
by @, the transition matrix over grades.

In FILL the graph of the cascade of
vacancies has a unique node "X", from which
all vacancies flow to the outside. The
method for replacing vacancles 1is a parti-
tion of the vacancies in "X" over the
different categories of the attribute grade.
The partition is done via a proportiornal
allocation rule which uses the entries of R
(data for the rule) as proportions.

A deterministic execution of this within-
iteration description implements the above
mentioned equation. Taking the first
iteration as an example, it 1s apparent
that:
GROWTH:

receives P0 and VO

- Tt =
P! = PV d;Po(g)

and outputs

receives P’
and outputs

(P'(g)(l—zg)) and -

V! + 2P/ (g)L
g

LOSS: and V'

PII

v "

It

g

receives P" and V"
and outputs

MARKOV:

P!’ = P¥ Q and

virr o=y

receives P'’'! and V'’ and
outputs

FILL:

Pl PIII+vIIIR

V1 =0

W




In a random simulation mode for the opera-
tions LOSS, MARKOV and FILL the executlon
produces a realization of Pl conditional

on PO.

iii - Between Iteration Effects

No between iteration effects are present

in Young and Almond's original model since
it has a stationary within-iteration
description. A number of between-itera-
tion effects of great practical importance
could, however, be included. For instance,
successive redefinitions of the transition
and/or hiring rates to seek a certain
desired distribution of employees by level
(Bartholomew [2].)

2 ~ Bartholomew [1] -

The following model is a discrete time
version of a multistage renewal process
considered in Bartholomew [1].

The organization is assumed to have n
grades. An employee, who at time t is in
grade g and has seniority s within the
grade may leave the organization before
{(t+1) with probability Qg s*
3
Assume, for simplicity, that grades have
constant population size through time.
Vacancies created in (t,t+1] are filled,
in the same interval, as follows: those
in grade 1 are filled with employees in
grade 2, in strict order of seniority;
vacancies in grade 2 (losses plus moves

into grade 1) are next filled from grade 3, -

again in strict seniority. The process
continues until vacancies in grade n, the
lowest grade, are filled from an outside
market. Employees entering a grade start
at the lowest seniority bracket in the
grade. :

Algorithmic Formulation

i - Initial Descriptions

Set of Types of Vacancies

Size constraints, and therefore vacancies,
are defined by grades in this model. The
set of types of the vacancies is

{grade: 1, grade 2,...,grade n}.

Initial Vacancy Array

Let V0 be an array on the set of types of

vacancies with all its entries equal to
Zero.

Set of Types of the Population

Let (51’52""Sm) be the finite set of

categories chosen for the attribute
"geniority in grade." The set of types
of the population is then

{grade 1,...,grade n}x{sl,sz,...,sm}.

Iniﬁial Populaﬁion Array

Let P0 be an array on the set of types of
the population.

il - Within-Iteration Description

Ordered Sequence of Primitive Operations

Three primitive operations are used in this
model: LOSS, MARKOV and FILL. LOSS is
used for depletion, MARKOV for seniority
shifts and FILL for replacing vacancies.
These operations, are executed, within
each time iteration, in the above order.

Internal Specification of the Primitive
Operations )

LOSS is specified by L = (zg S) the array
N 3

of loss probabilities. MARKOV is specified
by a matrix Q of transition probabllities
between categories of the "senlority in
grade" attribute. The form of this matrix
is a function of the categories chosen- for
the attribute and of their order. Moves
induced by this operation occur in the
"seniority in grade" attribute. Vacancies,
which are -defined on grades, are not
affected.

The graph of the cascade of vacancies of
FILL has n nodes (the grades) and linksv
grade 1 + grade 2,...,grade (n-1) ~ grade
n. Vacancies can flow to the outside only
from grade n. For grades 1 through (n-1)
the method for selection of replacement 1s
the same: vacancies are partitioned by
grades - a trivial split since there 1s
only one grade in the pools, then they are
partitioned on the 'seniority in grade"
attribute according to a priority rule.
The data given for the priority rule 1is

an ordered sequence of categories of the
"seniority in grade" attribute. 1In
Bartholomew's model it is the striet
seniority sequence.

As mentioned in Section III, the selection
to move sometimes causes changes in
attributes. For instance a selection to
move from grade 2 to grade 1 causes a

shift to the lowest bracket in the
"seniority in grade" attribute. The detail-
ed description of this transition 1s also
part of the internal specification of FILL.

Finally, vacancies-in grade n are filled
by selecting replacements from an in-
exhaustible labor market into the "lowest"
seniority status in the grade.

iii -~ Between-Iteration Effepts

No between-iteration effects are present in
the original model. A number of interést-
ing between-iteration effects could,
however, be also included.
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IV. CONCLUSIONS

The ideas summarized in this paper were
developed during an initial research phase
on data organization and reconciliation of
models. Once this phase of the work was
completed the INTERACTIVE FLOW SIMULATION
software system was constructed. It
permits:

- retrieval of historical data from lon-
. gitudinal information of the kind described
in Section II;

-~ statistical analysis of the retrieved
data, either for the study of the past, or
as a step towards modeling;

- construction of user-defined flow models
of the kind described in Section IIT;

- execution of these models and analyses
of their - -output.

Full interactive capabilities were included
to allow the free exercise of the user's
initiative 1n these four functions of the
system. Moreover, these functions were
not considered in isolation, but as parts
of a whole process. Users, therefore,

may go from data retrieval and analyses

to model bullding and execution, and per-
haps back to the start of the modeling
cycle, without leaving the IFS interactive
environment.

A detalled description of our experience
to date in the use of the system in both
research and planning will be given else~
where. It should be pointed out, however,
that longitudinal data bases have been
constructed and have helped in the
identification of important planning
issues. Descriptive and goal-seeking
‘models have been bullt and their results
have enhanced the organizations' ability
to6 study complex human resources planning
alternatives. Each result, to be sure,
has ralsed new planning questions. These
questions indicate that the use of flow
models and related data analyses in human
resources planning is a growing and an
exiting fileld, -full of opportunities for
research and applications.
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