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~\ L ’ s t r ,~ ’t

‘~‘ a rj o u~ ~)pt  1~’ 1 ? a t L ~~n t i~~ ii~~~ h~~ve het~ri , I p r i  jed t o r~eet

r~a n p ow e r  pl~it in i~~ m d  stat ’uin ~’ ~‘, oa~~s . ~~~~~~~~~~ of  t ese g o a l s

is usua ly ‘ c e p t e d  as a surro~~it. e fo r ~m t t ~i i n i n ~~ the maximum

o rgani  .~at io r m~~l e t t e o t  1 v e n e s s  However , the ~oa 1 s of  mo st of

t hese  tec hni~;um.~s a re  exo~, enou s and the w .mv t h e y  .mre  de te rm ined

t m a s  been ~,eneral ly ign ored . This p~iper prese nts ~i nove l

I crui ul~~tion ot rnan~~ower t~u a 1s w h i c h  is s t a t e d  in ter ms 01

att.~~in t r i g ~)Ft LmJ i r dt i u  ) t  r~~
pp

~ 
d e s i r e d  be tw ee n  the va r i ous

s k i l l s  em~ lov e d  in an o rgan  i ~a t  ion . This t’r~mm ework stresses the

im 1~ortancc ct  the a p p r o p r i a t e  m i x t u r e  of s k i l l s  in t h e  vari ous

units  of an o r g an iz a t i o n , not Just the t o t a l  number ot ’ p e o p le

a s s i g n e d .  A techn ique ca l led R A T I O  GOAL P ROGR A M~~IN~ is p resen ted

and an ex ample illustrates staffing an organi’ationq by

minimizing a weighting of the squared dev iations from the ideal

ratios and the unit personnel cei lings .
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Tne attain m ent of a high level of organizational

effectiveness is the motivation for most of the work done in

modelin g and evaluatin g manpower systems. However , most of the

quantitative techniques used by operations researchers working in

this area treat organizational effectiveness (CE) in a very

cur sory tanner. Cpt imization or simulation is usually performed

usin~, measures which are assumed to be good surrogates for CE ,

i.e. m inimize the deviation between projected on—board personnel

and manning goals. Given such a formulation , programs thus

cevised can be no better than the goals established , and little

quantitative work has been performed in evaluation of these

goals. It appears to be generally assumed that knowledgeable

planners have determined the best set of goals possible.

Prominent researchers from the organizational behavior area

continue to debate what are good measures of CE [1],[3]j11].

The debate actually extends much deeper , to the basic question of

whether CE can even be objectively evaluated or not [2]. Most

researchers in this area agree that a single measure of OE is not

sufficient and that mult iple objectives must be used in the

evaluation of CE.. The spectrum as to what objectives should be

used ranges from the attainment of specific goals (the “goal

centered approach”) to the survival of the organization (the

“ natural system approach ” ) (ll]. Even if a set of objectives

~LA
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coul d be selected , Goodman and Pennings [6] and others 19]

maintain that various differen t groups of people interested in

the organization , “constituencies ” in their terminology, have

.,uite different sets of weights for these objectives.

Researchers working with manpower models have long been

facea with the dilemma of focusing on either distribution or

utility maximization models. The distribution models are

concerned primarily with filling quotas , and , in some cases ,

distributing manpower shortages between various units. Thus ,

they examine the “fill” of’ units. The utility maximization

models are concerned with filling a set of jobs with individuals

whose attributes best “fit” the attributes desired for the job.

This is usually evaluated by summing individual job—man utility

s co res. Thus , we have “fit” and “fill” objectives , which

unfortunately often pull in different directions.

Various techniques have been modified to attempt to satisfy

both “fit” and “fill” requirements. Goal programming

formulations {5],[13] have been attempted , using various

weighting schemes to try and model the subjective value of the

“fill” in different skills and different units. However , most of

these goal programming models minimize the sum of the deviations

from the var ious mannin g goals , where each goal is of the form

“have x people in this category by year t” , and no consideration

i s ma de of the ac tual ass ignments in other categor ies.

Others face d w ith the same pro b lem have su gges ted the use of
I
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I
“ s u c c e s s i v e  s.~rf j c e  o p t i m i za t io n ” [7],[~~] .  th is is a te chni ~ ue of

o ~ t imi: in~ tne ~ic.i e l ~ i th respec t  to one o b j e c t  ive  f unc t  ion , suc h

~ ~~~ im :e t il l  . then reopt  ir:i ing with another o b l ec t  I ye

: u n c t i c n , sucr~ as ~‘:aximize fit. The value of the cri~~inal

o b ’ e c t i v e  functio n , relaxed by a small amount , is treat ea as a

con strai n t in subsequent optim i zations. This technique of

cons ideri n g co nflicting objectives is a different approach , but

~he ft na l sol uti on d earl y dep ends upon the order of the

5~ ccess ive ortir~1 :ation s.

A l l  of  t h e s e  r~odel s assume that when personnel ma nn ing ~ca Is

ire atta inea , o r ganI zati o nal ~oaIs w i ll als o he attained. Often

en tir e or in izat io ns are mo celed as one nacro unit , d ue to  t he

t I m e — c o s t  or inabil  i ty  ct high er leve l  managers  to se t  manning

b O i l 5  for the various units. This results in ignoring

in~ orr a ti oni on the varying demands and performances of t h e  un its

and tneir oire ctcrs or commanders. In addition , the marginal

contribution of adding an additional person , if evaluated at all,

is generally stated in system terms , i.e. “one unit less

deviation from x manning goal” , rather than as the actual impact

of the incremental employee on the specific unit he is assigned

to. The impact of having an additional employee with a given

skill can be quite different on two different units.

‘han who have approached organizational effectivene ss by

focusing on the Individual job—man match of top executives have

stresseu the importance of an appropri ate mix of skills and

abi lities In a group of managers who will work together . This

I
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pape r p roposes  e x t e n d i n g  t h i s  line of t h ou ght to the

o r g a n iz a t i o na l leve l  by c o n s i d e r i ng  the a p p r o p r i a t e  “ ix  of  s k i l l s

needed by the various units of the  t o ta l  o r g a n iz a t i o n .  This

skill mix is allowe d to var y between units as a p p r o p r i a t e .

Rathe r  t han have h .ighe” level mana~’ers attem pt to spec i f~ t h e

ae s i r ed mix , it is proposed t h at  th is  mix  should be o b t a i n e d  from

unit managers , w i th in constraints supplie a by the larger unit

m anager.

A techn ique ca l le d  R A r I~ t C A L PRC A~ NING is presented here

that assigns personnel so as to come as close to these ratios as

pos sible , considerin g the unit personne l ceilings. The

un d erl y i ng assumpti on is that if the desired ratio is attained ,

the unit will attain the maximu m p ossible effectiveness , for a

given number of individuals available to he assigned . Also it is

im pl i citl y assumed that the total organizational effectiveness

can be accurately represented as the sum of the individual units ’

effectiveness. This technique does not consider the

capital/labor ratio , nor problems of leadership and motivation ,

whi ch obviously have a strong influence on unit effectiveness.

Section A presents a Qivision of the problems of manpower

~..lanning which are then analyzed in the following sections.

oection B discusses the skill ratios and how to obtain them and

Section C illustrates the use of these ratios to determine an

ideal inventory of personnel. Section t~ then discusses the use

of a similar formulation for assIgning an on— board invent ory.

The techni ques of sections C and ~ are illustrated by foll ow in c

.— ~‘ ‘
- -.- -~~ -~~ —
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tne solution of a sample problem. In Section E we describe

~arious extensions and changes in the formulation of the model.

Of ’  t ~~ ~~~~~ ~~~ nn in~ ~‘1e r~

Thi s section presents a simple division of the tasks

necessary to effectively plan and operationally mana ge any

~anpo wer system . The divisions are not meant to imply any strict

stepwise sequence , although initially they are probably performed

in the order presented here , particularly in organizations where

a production process cannot be specified explicitly (i.e. unit

outputs are difficult to measure).

1. Examine the objectives of the organization and
determine the total number of personnel and how many
individuals are needed in each skill in each of the
various units. (1~emember , the amount of capital is
assur~eu to be fixed.)

. ~\llocate on—boar a personnel to these units based on
the ir current skills.

~~
. Retrain on—boar Q ~,ersonnel having skills in excess of

unit requirements to come closer to desired skill mixes
in the various units.

~~~. Hire and train new employees for unfilled positions
(present or anticipated ).

5. Analyze alternative unit sizes , skill mixes and
categories of new employees , considering the
organization ’s effectiveness and the cost of the
workforce.

Here it is assumed that each individual possesses one

identifiable skill , and that skill mix can be modeled by the

mixture of p€op le having appropriat e job classifications. The
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p ro t i c ien cy of all employees having the same skill is assumed

equal.

Points 1 and 2 from above will be discussed in this paper ,

while points 3 and L4 will be discussed in a subsequent paper

1L ~j .  Unfortunately the first part of step one , determining the

total number of personne l in the entire organization , is not

approache d directly, because the relation between the number of

personnel and organizati onal effectiveness is confounded by the

capital/labor ratio , leadership, motivation and other

organizati onal attributes. Instead , the technique presented here

~cce~ ts the total number of personnel in the entire organization

ana unit maximum sizes as given exogenous constraints , possibly

set by a governing body or higher manager.

Section B. Skill Ratios

The crux of the technique presented in this paper is the

skill ratios developed with~.n the various units. These ratios

are the relative numbers of auxiliary personnel needed to support

actual production workers (or front— line personnel in a military

context). The ratios can be expected to vary nct only between

units havirl E different missions , i.e. an infantry company versus

a mechanized infantry company, but also between units with

similar missions but having different environments , i.e. an

infantry company operating independently versus a company

partic ipating in a joint maneuver.
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~-a th er than expectir ~’ th e d irector of a l a rger  d i v i s io n  to

b e ibl e to spec i fy the ap r rop riate s kill mix for au of the un itS

Re ntrols , it ~s propose- i  ~ n~~t ese ratios be c o l le c t e d  f rom

t~~o m a n a c e r s  of the va n  - u~ ~n it s , or i n f e r r ed  f rom the pas t

a c t l o n o  of t n e s e  mana ,e r s .  T h ey  are in c l ose r  c o n t a c t  w i t h  the

inu iv i- iua ls i n v o l v e d  and it is fe l t  the i r  p r o x i m i t y  to d a i l y

o p e r a t i o n s  enhances  their ability to analyze skill trade—offs . A

~- r i t f  i I SC U S5 ~~Oh of some met hods of collecting these ratios

tc ilo~ s , to i llu s t r a te  the feas ib i l i ty  of co l l ec t i ng  the da ta

m e eueu by the mo~ els of sections C an d D. An initial division of

t h e s e  techn i4 ues  can be made on wh ether the de te rm ina t i on  of the

rat ios is to focus on current unit managers or the actions of

n~a na c e r S .

Two methods could be used to ob ta in  the ra t i os  from current

u n i t  commanders. They could be directly asked questions such as:

‘~~ha t is the des i red  ra t io  of med ics  to infan t r ymen in your

company ” . Or hypothetical cuts in the unit manpower ceiling

coul d be pcsed to these commanders and the skill ratios then

compute d , base d on the par t icu lar  sk i l l(s ) the un i t comman ders

ueciaed to reduce to remain within these new ceilings.

Insights as to what the appropriate ratios should be could

also be obtained by evaluating historical actions. Forced

“mismatches ” actually imposed by unit commanders in the past

would give some indi cation of what the desired ratios are. ~y a

mismatch we mean incidents where an individual of one skill

category was assigned to a job requirin g a different skill ,

_________________ -~ ~~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ .~~~~



e~~t ne r out t~ am . e x o e s s  (as determ inec by the unit commander)

num ber o: perso nn el i n  L~~s original skill or becaus e of an

e v a luat ~ on ol tne r e l a t i v e impor tance  of tw o  pos i t i ons  to the

~ n~~t w r e n  o o t m .  h~~s o r~~~ina I  arc the new skill nave  v a c a n c i e s , a n d

~ n ly one pers~ r ~s av ui lab l e to fill them .

I rs t~~rces in the past when ma np ower reduc t ions  were  ac tua l l y

r ;.ace woulo also yield som e in fo rmat ion . E x a m i n a t i o n  of the skill

c a t e g o r i e s  that w e re  reduced  might g ive some ind ication of the

appr opriate range for these ratios.

Ease s~:j1i

The ratios oiscussed here are all relat ed to a “base skill” .

This coes not n e c e s s a r i l y  imply any hierarchy  of importance

i~etween tre base skill and other skills ; the base skill is ch o sen

simply as a convenient skill to relate ratios to. Note that n— i

two — sa<i il ratios (i.e. medic s to infantrymen , not medics to the

sum of infantrymen and logistics personnel) would uniquely

ioentify the structure of a unit with n different skills. This

poses two problems. If n ratios were given , it is probable that

n— i linearly independent ratios are all that are needed ,
because the n— i ratios can be expressed as:

fraction of total with skill i
ratio of i to b

fraction of total with base skill

and the nth equation then is: ~ all fractions = 1

~-5= ‘-~~—~~~~~~~~~ -— — 
- -
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:ne~ ~~u lo  :e ~~~~~~~~~~~~~~~ ~r1c~~rs~~ste : t , i . e .  u~~~r g ’ — i r at i o s

t o  c ~.pute  tr . e n t m .  ra t :o  ul~ v~ e l J  a ~if f e r e n t  v a l u e  than t r o t

~s re u ~ t:.e “‘ran o c r . A t t e m p t s  to  reso l v e  th i s

n s : s t t r c ~ t~ a~ o:r  ~u e n v ~~n~ t re  uni t  c o rnma noe r  ~ av r esu l t  ir

o o : f ~ e r e n t  ~r.c ns~ st~~n c v .  Th e s c o o n o  ~r~~b l e m  ic  r e la t ~~o t o  the

p r a c t i o a l ~~tv  of s pec ~~f v i n~ an e x a c t  r a t i o  f o r  t~~o s k i l l s .

A l t n o ! .~’h it t s  s t i l l  p r o p o s e d  to  ask the un i t  co mm ande r  for  a

~~e s :re ,~ ~‘ot~~o, a p e rm :s s i k i e  r a n ce  for t hi s r ot : o  w i l l  a l so  b e

r e~~~e s t e o .  The use of  a rar.~~e ~s ~‘:re r e a l i s t i c  a nd wo ul o

p r o C a ~~~ Y t e  m o r e  r eaJ~~lv r e s p o n d e d  to  by these  m a n a r e r s .

of tre :‘orm “tm e rati o of m ecics to :nfa ntrym en shou~~

oe :ror. l :o 1 : 1L .~:tn 1 :-. b e~~rg ~oe~~l” cou lo then be soliciteo

~no Jt~~1~~LeO t:e co~.putdti or:s of sect:2ns C ano ~~~ .

~ote trat ever t hou~ h th ese rat i os are obtained from un it

comm anders , their superiors m ay imnose constraints or the ran ge

of tr.e ratios. For example , p ro b a b l y  f e w  in fa n t r y  c o m m a n d e r s

w:ul~ object to a medic/infantry ratio of ~:2 (provided the y

sti l l  received a fu.l com plem ent of in fan trvm en~~. Howeve r , sucn

a ra tio in one unit would probably necessitate shorti ng medical

support in another unit. Thus , hi gher comman d ers may specify

cons tra in ts suc h as “nc unit may have a medic/infantry ratio

exceeding 1: 0” . Such constraints would work not only toward

equi ty in support (and equity in workload of the support

~ersorrel ), but also possibly toward other goals , such as

These inconsistencies m ay be indicators of the quality of the
data gathered . 

~‘- -‘
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cr axim izing the number of infantrymen , given the larger unit has

constraints on the total number of personnel assigned .

Just as many others have discussed the value of modeling

even when the models are not subsequently implemented , the value

of specifying the skill ratios extends beyond their use (or

non—use). Probably few unit commanders have examined their

pers onnel s t ruc tu re  in such a con tex t  before and the exercise

seems well wo rth the mental effort involved . Likewise , probably

f e w  m a j o r  u n i t  c o m m a n d e r s  r e a lize t h e  w ei ghting  t he i r  s u b o r d ina t e

managers p lace on the var ious skill ca tegor ies  and such

information may be of value in assessing not only the goal

t congruency of these lower managers , but also may give insi ghts on

work load , morale and f lexibi l i ty.

This discussion of methods of obtaining skill ratios has

been presented for descriptive reasons , to show how one could

gather such data . The major purpose of the rest of this paper is

to present the methodology of usin~ these ratios to staff an

organization , once the ratios have been collected.

Section C. Distant Planning

This section discusses a distant planning model , distant

planning in the sense that an on—board inventory of personnel is

not considered. The goal of the model is to determine an ideal

inventory and the allocation of the total number of personnel

am r ug skill specialties and units. The distribution among

_ _ _ _  
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spec iu it  L e .s i s  d e t e r m i ne d  by ij s1n ~r the 1es i r ’ ~~d s k i  i t  r a t  m o _ S I

t he  un t ~~ and then  compu t  i n~r the to ta l sy stem — w id e number of t-~~t ’h

s k i l l  out o r y  nt ’ed~~d , g iv en t he  s i .e s  o l ’ the van t o m i s  u n i t s .

t he~ e si :es a re input v a r i a b l e s , bused on the syst em rvrin igers ’

ev ~i 1ua t i o ns  of the expecte d soeclan ios and the r e le v a n t

strate gies . ~ut put f rom tku s model 1 the numb er of personne l  of

the v a r i o u s  sk 11 c a t e g o r Ie s  need ed to attain the desire d skil l

r a t io : ; , whe n al l the un i t s  a re  s t a f t ’ed at t h e i r  max imum

s t r e i m ~~ths .

C o c r s i d e r  a large o rc,. i r mj : a t i o n  w i t h  N su~’~~r it n at e  u nits and I

s kill categor ies. The b a s e  s k i l l  c a t e g o r y ,  the c a t e g o r y  that

a p p e a r s  in the denominat or of a l l  the ski l l rat i-os , w i ll be

d e s i g n a t e d  by s u bs c r i p t  h , where h ~ I.

Let

x number ct personnel  in sk ill c a t  egor ’  y I in unit n

x b number at personnel in base skill in unit m

y max imum personnel stren gth for unit m

des ired ra t i o  of  personnel in skill c a t e g o r y  1 t o
In personnel  in skill category b in unit m

= f ra ct i o n  of unit cii personnel ceil in g (y ) f i l l ed  by

~ sk ill i personnel at the desired ratio 
~
t d j~~

)

T hus , giv en we are c o n s t r a i n e d  by the  total number or

per sonnel to be alloc ated to unit m , y , we can form the
In



S ~ St  e r ;

x • v t he unit w I I t e  t u  11 V r ’ .in r~ ed I
- t in in

x — t t ;  e d e :;~~r ed r a t  i os  w i 1 1 1 e .i t I a ned ‘
~ i. .‘

ti n bin tin

x — I v V t a d  V intin tin in

r • V r n
tin

In order to per t o r n  t he s umma t t o n  m o r a s s  t in it s t a cbt  a in

o s-era II sk i 11 r equ i rer ’ rent s as .1 t’unc t ion o t’ unit s i e , we need t o

t it  y t he  f r a c t i o n  of  ei ~’ un i t  t o t i i  s I  reir ~ t I I hat i s

ss: ~r me ~: to ~ ac h s k i  1 1 . V r o c n  ( 
~ “ and , “ we can w r i t  e

d — V I and V in c S ~tin t bin

It ’ w e denote  the t a t a l  number’ ass ig ned  t o  s k i l l  as C , we

c~~,r; then write:

S —~~: t  ~i tcn ’ cn
In

Th e system planners have  prov i ded t he t in i t ma nn i rig

levels~ and they are i n t e r e s t e d  in the subsequent di stri b uti on of

ith e t o t a l number needed in eac h skill cut egar for the en tire

a r~~ an  I :at ~an 
‘
~

To o bt a i n  S • the values of f rnu~~t he d e t e r m i n e d .  N o t e
I t in

t he  de s i red r a L i  os , d * v i ci J i — 1 e q ua t i o ns  a f the  fo rm at ’tin

- ____________________



and 4 turn ishes t im e 1
th 

* ‘~ uat ion nee ded t o  t1rr i~1ue 1 v

~1et erm irre the  t’r a ct  io ns  f1 . b q u r t  Ion t ’~ can then be u se d  t o

a 1 ye  fo ~ t h e  C

:\ hr le t  e x a m p l e  w i t  Pr sk ii Is ri’ a .’ t in i t s ía I lows

~~te rn u1 info rma ti on:

d e s i r ed  r u t  i as : tin i t .  : 1 .~

s k i l l
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~12 
+ + 1 f = .‘

~~: I

et e r in icce the d is t r ib u t to n  ot ’ s k i l l s  needed t’rom = ~ f vt tm nr

= ~~~~~~~~~~~~ + • • ‘ ( • ‘
~~~~~) = 

In

= • . 1 L  1l ’ ’~ + . 1~4~~(.2 C~Ul

+ ~~~~~~~~

_ _ _ _ _ _ _ _  — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



1~ -

T hus , the  ideal ass i gnment  .~oulJ be:  ( x  = t y )
im 1m m

unit: 1 ‘ total
skill

1 $1 .b H-’.l ~6.7
C ~~~~~~~ I
3 lCb .3 11 ~l .3 C4~~. ’

t o ta l 200 .0  2 00 .0

Note th is  idea l ass i g nment  y i e lds  e x a c t l y  the des i re~i

r a t i o s .  Because th is  model is to be used for planning purposes ,

f r a c t i o nal va lues  for ass ignments  are a c c e p t a b l e .  Any

d i f f ere nc e s  in r a t i o s  that would resul t  from rounding to inteRer

increments are far overshadowed by the inherent vagueness in the

specification of’ the desired ratios.

ic summ ari.~e t h e  distant planning model , this section has

presenteu a techniqu e where , given that desired skill ratios have

t een determined , system planners can focus on what level to man

various un its at , instead of focusing on the number of people

needed in each skill category. The latter focus is often

misleading, because the incremental value of one person of a

particular skill varies with the unit he Is assigned to. The

focus of this model is more realistic for the military manpower

system , as the overall manning constraint the sum of all unit

strengths) is generally set by Congress. The system planners ’

attention can then be directed toward weighing the contribution

of’ various units toward defense (i.e. setting unit mann 1n~’

levels), and letting the model determine the Ideal skill

~ 

~~~~~
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requ irements.

~~~~ L ~ ~~~~~~~~ ~~~~~

This section describes an a lgo r i t h m  wh ich  a p p l i e s  the

ratio— effectiveness concept in an operational sense , considering

an on— hoard inventory of skilled personnel. Retrainin g and new

entries to the system are not considered in this formulation.

Redefining S~ as the total number of on—board personnel in

skill category i (which may or may not be equal to the ideal

numbers derived in the preceding section) , and introducin g

and h 1 , the least acceptable and highest acceptable ratios

of skill i to the base skill b in unit m , the formal model can he

stated as:
2x

mm B - d
1)  + (1 - B) Z (

~ 
- (7)

u r n  m I
subject to:

~~x -~ y V- rn  (8)irn m

V i  (9)

~. ‘~ x Ix Ii V i and V in (10)urn ’- irn b i n —  urn

X~~~~ ’ O  ( 1 1)

Xb 0 ( 1 2 )

The objective function (7) is to minimize a weighted sum of

the squared deviation from the ideal skill ratios and the squared

uev latlon from the unit ceilings. This Is both a “fit” and

“fill” maximizing function , where fit Is defined as attaining the
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desired ratios and fill is defined as attaining the unit

personnel ceilings. The coeff lciLnt B , s a t i s f y i n g  0 B ~ 1, is

specified by the user and represents the relative importance of

the fit ana fill objectives. A quadratic form was chosen so as

to penalize large deviations greater than a series of small

deviations.

Constraint set (8) assures that the exogenous ly determined

unit strengths are not violated . Set (9) constrains the model to

assign only individuals currently in the inventory , and

constraint set (10) assures that the final solution has actual

skill ratios that fall between the least acceptable and highest

acceptable values for all units and all support skills.

Constraints (11 ) and (12) impose the nonne gativity requirements.

Noting that x and x are the decision variables , theurn bin

model is not linear , nor are the first order conditions linear.

ihus a nonlinear pattern search technique originally proposed by

i.ooke ana Jeeves 110) was used to solve the problem. As this

technique is designed for problems which are unconstrained except

for upper and lower bounds on the variables , the following

penalt y value model was forme d from (7) — (12):

mm B Z 
~ 

- d~) 
+ (1 - B) ~ (t X im (13)

+ Z P max to , (t x - y )1 (14)1 im min i

+ ~ P2 max [0 , (t X irn 
— (1 5)

+ t Z P 3 max (0 , (t~ 
- x~ IX b )3 (16)

u r n

+ Z Z P4 max [0 , (X im /Xbm 
- hi )) ( 17)

subjec t to: X jm ~ 0
> 0

_ _=_- ~~~~~~~~~~~~~~~~~~~~~~~~~~~



In this re fo rmu la t i on , the c o n s t r a i n t s  (~~)— (10) of the ratio

boal program (RGP) moael are enforced by imposing penalties , P
1

w h e n e v er a cand ida te  so lu t ion  point wou ld  v i o l a te  one of these

c o n s t r a ints.  Piv id ing  the o bj e c t i v e  func t ion  into par ts , it can

be seen that (114 ) corresp onds to (s), the constraints on the

overall number assigned to unit m ; (15) corresponds to (9), the

inventory constraints; and (16) and (17) correspond to (10) , and

enforce the upper and lower bounds on the ratios. If

sufficiently large values are chosen for the penalties , then the

o pt imum value of (13)— (17) will correspond to the optimum of the

orig inal problem ( 7 ) — ( 1 2 ) .

In [10], hooke and Jeeves clearly state that they have not

found generalizable sufficien t conditions to guarantee opti rnality

of their pattern search algor ithm , although it has proven to be a

reliable and robust technique. Thus , this technique has been

compared with other formulations and appro ximations of the RGP

model in [15] and the pattern search technique has achieved

s u f f i c i e n t  accu racy  in all compar isons to da te .

It is well known that the execution times of most , if not

all , solution techniques are highly dependent upon having a good

initial point to start from . Thus , the followin g heuristic

procedure was developed to determine an initial feasible solution

for the original FtGP problem (7)— (12). Essent ially it can he

viewed as finding a “scale d d own ” solution of the ideal

assignments determined in Section C. This scaled down solution

has been scaled so that none of the Inventory constraints are

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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violated . The followin g steps can he used to determine the

overall scale factor , ‘
~

a) Finu the quantities (scale factors for each
skill i) such that:

~ 
d 1 a~ ( t b y )  = S1 (18)

b) Choose ‘
~ 
, the overall scale factor , by:

y :  rriin ( a , 1 .0 } (19)
i i

Note that the quantity 
~~~~~ 

in (18) is actually the number

of base skill personnel , X brn~ 
that would be assigned if no

inventory cc-nstraints were bindin g. Thus , a~ is the factor that

the inventory in skill I c o n s t r a i n s  the base skill assig nment b~’ .

‘
~ is then the minimum of all the scale factor .~- , or 1.0 if

a “ 1.0 V. i. (When a > 1.0 , then Z f y < l~ and theI I m m I
in

invent ory in skill i is not b inding for an ideal assignment. )

After determining ‘i , an initial feasible solution can he

easily obtained by:

c) Let x bm 
‘
~ 

~
‘b~ ~

‘m V~m

J) Let = d j X b 
V.m an d V. i~~i € I\ (b }

When using this heuristic to obtain a start.ing point , the pattern

search technique was found to converge quickly.

Four conditions may exist at termination , categorized by

eit her meeting or failing to meet maximum unit strengths:

_ _ _ _ _ _ _ _  —4
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1. ~n i t strengths are a t t a i n e d  a n d  all d im are met (the
i-a e~ l s~ lution ). Any T~vent ory then left unassigned is
t ruly excess.

C .  Unit s t r e ngths  a re a t t a i n e d  and some d~~~ are not m e t .
Th1s in..iioates an Imb~Tance in the skills available in
the inventory and retraining or hir ing is required if
t n is  im t~alance is to be corrected.

3. L - ni t strengths are riot a t t a ined  and some inventory is
unassigned . This occurs when the final solution is
constrained by the lower or upper bounds on the ratios

or h1~ ) . Again an imbalance in the skills
available in the inventory is indicated and retraining
or new hires are called for.

“ . Jr it strengths are not attained and no inventory is
left . This case indicates i nsu f f i c ien t  i nven to ry  in
one or more skill categories. The hiring of additional
personnel is then called for.

~~

The follow ing example is based on the same data as the
ex .~m~ le in section C.

.xternal information:

~n—board inventor V :
skill 1 2 3

inventory (S ) 130 50 235

ideal assignment 88.7 70.6 2140.6 =

(from section C.)

unit ceilings: unit: 1 2
ceiling: 200 200

5ince the ideal assignment is infeasible (insufficient inventory
exists in skills 2 and 3), compute weighting factors ~ for
each skill from (18) , resulting ii:

1.1465 .708 .977

m e n  determine ‘i mm {c~ , 1.0) .708 and perform steps
C and d to yield an initial feasible point with the following
invent ory— constrained assignments: 

—fl-—. — -~—~~p ’ ——
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unit: 1 2 total
skill

1 22.14 140.14 62.8
2 29 .8  20.2 50.0
3 89.14 80.9 170.3

total 1 T~~~ 1141.5

These assignments are ideal in the sense of max “fit” (they
yield 0 deviation from the desired ratios), but are not in the
sense of “fill” , as the units are considerably below their
max imum ma nn ing levels.

The pattern search technique is then applied , using these
assignments as a starting point. Upon solution the final L
assignments are then (the inventory is again shown for
com par ison ):

unit: 1 2 total inventory
skill

1 141.6 
= 66.1 107.7 130

2 30.1 19.9 50.0 50
3 1214.9 110.1 235.0 235

total 196.6 196.1

and the lower , actual , upper and ideal ratios are:

skill ,unit actual h durn im urn

1 1 .167 .333 .333 250
1 2 .400 .600 .600 .500
2 1 .200 .2141 .500 .333
2 2 .167 .181 .333 .250

The final solu tion is an assignment that reflects the
relative weighting of fit and fill as specified by the $ and
(1— 

~ 
) coefficients. (An equal weighting was used in the above

exam ple , i.e. B = .5) The solution can be visually checked for
feasibi lity by noting that all the actual ratios lie between the
lower and upper boun ds ( 

~~ 
and him ). Note that the actual

rat ios for skill 1 in ‘
~oth units are at their upper bounds.

These ratios could be reduced by either assigning fewer
individuals in skill 1 to both units or assigning more
individuals in the base skill , skill 3. However , assigning fewer
indi v id uals is counter to the “fill” port ion of the object ive
function (as neither unit is completely staffed) and the

• assignment of’ more base sk ill personnel is blocked by the
inventory constraint on the base skill. (All the base skill
personnel are already assigned.) The ratios for skill 2 in both

. - 
=



un it s are be iow t heir  oe s i r ed  va lues , but th i s  is due to  the f a c t
t hat  the i n v e n t o r y  o o n s t r a i n t  is a lso  b t n di n~ on this skill.

Finally , note that neither unit is complete ly staffed , even
thoug h unassignea invent ory exists in skill 1 . This is because
ass ig n ing  any more sk Il l  1 i na iv i a u a ls  tc either unit  would cause
the sa. ill 1 r a t i o s  to e x c e e d  t ne i r  r e s p e c t i v e  upper bounds .

Section E. Extensions and Reformulations of the Model

Several extensions and ref ormulations of the ratio goal

programming (RCP) model are possible. ~or nb1 u th [12] considered

the problem

mm 
+ j 

-
a x + 8  iia l i i

~ot ing that  a , ~ and ~ are cons tan ts  (for  each i) ,  t he ana logy

t o a ratio ano its goals is obvious. Although this exact

formulation also results in a nonlinear problem , Charnes and

Cooper [14] suggest substituting the Chebychev metric an d show how

it can be solved by access to linear programming developments.

This LP alternative may be quite valuable , as we have not yet

applied the nonlinear formulation presented in (13)— (17) to large

scale problems.

Several points should also be mentioned about the objective

function presented in ( 7 ) ,  repeated below:

mm B Z Z ~~~~~~~~~~~~ - d~~)  + (1 - B) t (Z x~ - 

2 
(7)



A s the desi red rati o s a r e spec i f i e d w i t h  r e s p e c t  to a n

arbitraril y selected base s.<ili , some of the ratios may be

greater than one and some m ay be less than one.  The quad ra t i c

nature of the objective function m ay then produce an undes i ra b le

~.eighting among the different skills. This could possibly he

resolved by pre—processing the d es i re d ra t ios to y ield rat ios and

~oals that are all less than one.

In addition , a sim i la r pro b le m w~~ l arise due to the

~ ifferent y
~ 

values. The “fill ” of’ un its with large personnel

ce i l ings , and consequently large in itial deviatio ns in the second

ter m of ( 7 ) , may contr ib ute mo re to the objec t i ve  funct ion value =

than was intended by the spec i f i ed  S and ( 1 — $ ) va lues .

Thus , cons ideration should be g i v e n  to either specifying fit

versus fill tra de— offs for each unit , i.e. determ ining a $ for 
=

each unit , or reformulating the secon d term of (7) into

f i X
i im

(1— B ) Z  — 1  =

in

where the fill ratio would now always be ~ 1 , more in line with

the fit ratios.

One other reformulation of the models may be of value. 
=

Constraint (8) of the initial formulation constrained the

solution to not exceed the unit ceilings , y~ . In many realistic

cases , all the personnel available must be assigned . If this is

- ,~~ . ~~~~~ , 

— -— — 
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so . t t :e n co s t r a ~~nt (
~~

) co n ic ~e d ro p ; -eo  fr~~r t he  :~r~~:l~ ’~,

p er mi tt i~~~ “~ vt~r mann .r~~” , an cors t r’= airt ( 0 )  ~~~ou~ ~ e oha n~~ec

a s t r i c t  equa~~it=; , f o r c ~~ng t ne mccc l  to ass i~~n a ll the

rc:’~ :ou~~~s tne ~n v en t o r v . ~~~ corresp ond in~ cha n~~es ~n t ht~

~~e.~~~l t y ’.- a ue f rnu at ~~on are to  let P~ , the penalt y tor

o .- e r nur .n~~r~ a unit , equa l zero  and to add

~~~~ ( S . -

) 1 Lm
1

t~ tne oh~ eet~~ve f u nc t i on .  :t max ’ occur  that it is then

pos s ~~h e  to pua ran tee  that  the upper and lower bounds are not

v~~o ated , tnt. an appro pr ia te ohc :ce of the penalties P3 and

F ~n ( i n )  m i  (1 7) will st i l l  yield s o l u t i o n s  that have

vi o la t ed tnese hounds in the “ le ast  poss ib le ” manner .

.~hether or not these reformulations are appropriate depends ,

o :’ course , on the specific a p p l i c a t i o n  at hand.  The model as

p r e s e n t e d  in ( 1 ) — ( 1 C )  is ea s i ly  ex tended  to “ h a r d w a r e — d r i v e n ”

s i t u at i o n s , where major  c re~ — s e r v i o e d  machi nes d e t e r m i n e s  the

S,~.i il r a t i o s .

The logical extens ions are to nex t  include re t ra in ing  of the

cu r ren t i nven tory , h i ring of ad d it ional employees an d opt imal

“d rawdowns ” if strength reductions are requi”ed . These extensions

are covered in a following paper (14].

—~~- ~~~~~~~~~~~~~~~~~~~~~~~~ —-~~~—-~~~ —--~~~~~~~ --  —
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This framework stresses the importance of the appropriate mixture of skills in
the various units of an organization , not just the total number of peop le
assigned . A technique called RATIO GOAL PROGRAMMING is presented and an

$ exalipl e illustrates staffing an organizations by minimizing a weighting of
the squared deviations frdm the ideal ratios and the unit personnel ceilings .
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