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FOREWORD 

The linear programming models for theater construc- 
tion planning described In this paper have been developed 
within the scope of efforts on the Theater Construction 
Model of the Simulation and Gaming Methods for Analysis 
of Logistics (SIGMALOG) system (see F. L. Bartholomew 
et al, "A Logistic Gaming and Simulation System: General 
Concept," RAC-TP-179, Jan66). These optimization models 
are expected to play an Important part in the more general 
construction model required by the system. The models 
can be used as now formulated for detailed analysis at an 
item level of construction planning problems. 

LM S. Stontbock 
Head, Logistics Department 
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I NOTATION USED* 

hi 

< 

X, 

A ■ 

the number of units at resource i needed in the constructioo of one fscility i, 
where i sl,. .. , ■ and j =1 H 

the number of units of facility j needed in the construction of one unit of installa- 
tion k, wherej = 1, . . . , n and k =1 p 

die number of units of resource i needed in the construction of one unit of in- 
stallation k, where t s 1, . .., M and k B 1... ., p 

s weighting factor expressing the relative worths of facilities to be constructed 

a limitation on the total number of units of resource i to be available during the 
period 

the units of resource i required to satisfy all the facility requirements 

the units of resource i required to execute the optimal solution 

a weighting factor expressing the relative worths of installations to be constructed 

the unknown number of facilities of type J to be constructed during the period, 
with lower bound i'" and upper bound x W 

die specified number of units of facility j to be constructed 

the number of facilities constructed in the optimal solution 

die unknown number of installations of type k to be constructed during the period, 
with lower bound y,,"' and upper bound yk

M 

the specified number of units of installation k to be constructed 

die number of inatallatlons constructed la the optimal solution 

Superscript t is used with die same variables in the multf pertod models beginning 
in the section "Multiperiod Use of One-Period Models.' 
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ABSTRACT 

The Engineer Functional Components System is used by the Army 
In planning construction of facilities and Installations. This operational 
system employs numerous and extensive tape files containing bills of 
materials for several hundred types of military installations comprlslog 
thousands of Items of materiel. The linear programming models dis- 
cussed herein use this system in formulating linear constraints on con- 
struction capabilities due to resource limitations, and linear criterion 
functions in terms of the various facilities and/or installations to be con- 
structed. The models provide a capability to rapidly consider alterna- 
tive construction programs. Single-period and multlperiod models are 
given, Including modifications of the basic models to nuke them applica- 
ble to a wider range of problems. 
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INTRODUCTION 

The purpose of this paper is to present models developed for use in 
choosing combinations of facilities and/or installations to be constructed in a 
theater of operations, subject to resource limitations.  The models incorporate 
an existing Army computer-assisted planning capability—the Engineer Func- 
tional Components System, which has been in use for several years tr provide 

bills of materials required for construction of overseas military facilities. 
The models handle one-period or multiperiod construction problems. They 
contain constraints on resources of materiel by item, equipment by type, and 
manpower by skill category and constraints on numbers of facilities and/or 
installations to be constructed. Within the constraints the models choose con- 
struction tasks to maximize a linear function of the facilities and/or installa- 
tions constructed. 

Description of the Engineer Functional Components System 
The Engineer Functional Components System is a tool developed by the 

Army for planning construction projects. Documentation of the system is con- 
tained in three manuals:  TM 5-391,1 TM 5-302,' and TM 5-303.' 

The basic elements of the system are items of materiel or equipment and 
man-hours of effort. Selected groups of these elements constitute facilities, 
defined In TM 5-301 as "a grouping of items and/or sets consisting primarily 
of construction material in the necessary quantities required to provide a speci- 
fied service, such as a building, a mile of road, etc.*1 Groups of facilities con- 
stitute installations, defined in TM 5-301 as "a balanced grouping of facilities 
designed to be located in the same vicinity, such as a 100-bed hospital."1 The 
largest planning component is therefore the installation, which when constructed 
and staffed is an operational entity. Figure 1 is an example of the staff table 
for an installation designed to be employed for filling drums and cans with 
petroleum. This installation is composed of 15 distinct types of facilities, the 
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quantity of each type being specified in units to three significant figures. The 

first facility listed is 415108, which is a 3000-bbl storage tank with ancillary 

fittings. Figure 2 is the item listing for this facility. Note also that the con- 

struction effort required to assemble the facility is 610 man-hours. 

FACILITY NUMBER 1*15108 

Tank, POL, 3000 Barrel, W/6 In pipe & fittings 
To Tank fierm & Berm Drain Assembly 

Short Tons 20 Meas. Tons 4 MH HRS 6l0 

Stock Number 

Sec 71  Pipe It Accessories 

Ul Quantity 

Engineer Items 

3835-6^1-8431 
3835-663-73««) 
3835-693-4508 
U710-202-9705 
4730-273-8359 
4730-273-8610 
4730-277-9721 
4730-293-7110 

Valve Sect Gate 6lirx 3FT 
Valve Sect date 6lM X OT 
Valve Assy Pressure Relief l/2 IN 
Tube Stl Orv 6 X 5 TO 25 FT LC 
Elbow Pipe MI GRVD 90DBG 6 
CAP Pipe MI ORV 6 
Coupling Clamp Pipe MI GRVD 6 
Tee Pipe MI Str GRV 6 

EA 
M 
B* 
PT 
EA 
El 
EA 
EA 

1 
1 
2 

100 
4 
1 

13 
1 

Sec 73  Tanks 

Engineer Item 

5430-263-6075 Tank Petr-Water Vert KD 126M Gal 

Transportation Items 

Ek 1 

4010-132-8050 
»»010-274-6825 
4030-233-9567 

Chain Assy 1 I£0 1/4IN X 8 FT 
Wire Rope STL 6X19 3100LB 3/16IN 
Clip Wire Rope U-Bolt Type 3/16IN 

EA 
FT 
EA 

1 
75 
4 

Fig. 2-lltfli Listing for Focilily 415108 

Uses of the Engineer Functional Components System 

The Engineer Functional Components System has been operational for 

several years and has been used by the Office of the Chief of Engineers in 

many planning situations. Normally the system is used in a straightforward 

manner, whereby from an input list of facilities or installations are produced 

. 
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a detailed bill of materials and summaries of effort and tonnages. A primary 

application of the system has been in support of Department of the Army (DA) 

budgetary planning by the Deputy Chief of Staff for Logistics (DCSLOG). These 

plans are made to determine support troop unit and materiel requirements be- 

fore formulation of budgets and are based on postulated war scenarios. The 

construction unit and materiel requirements (which can account for 70 to 80 

percent of nonorganic procurement costs) are determined by using the Engineer 

Functional Components System. More recently the same system has been used 

to review or develop the construction portions of contingency plans. 

The system as developed up to the present time is very comprehensive 

and includes tables for most of the installations and facilities that might be re- 

quired by the Army in the communications zone of a theater of operations. It 

is constantly being updated and expanded-its files are very large. With little 

effort the computer programs now operational can be used for support of many 

types of Army planning efforts and logistic studies.  Beyond the applications 

to budgeting and contingency planning activities, broader potential uses are 

possible in the areas of materiel management and construction-unit composi- 

tion and balance within support forces. The former, materiel management, 

falls within the mission of the US Army Materiel Command (USAMC).  The 

latter, construction-unit composition and balance, falls within the mission of 

the US Army Combat Developments Command (USACDC). 

^ 

! 

Theater Construction Planning Research at RAC 

For several years, RAC has conducted research for DCSLOG in the area 

of planning Army construction in theaters of operations. Several computer 

programs were developed for use in DA Strategic Logistic Studies (DASLS).4'9 

These programs were designed around a modified functional-components file 

containing selected facilities and installations. Several programs were devel- 

oped for determining the requirements for construction in terms of installations 

and facilities.  These requirements were stated in terms of standard designa- 

tions as well as numeric codes. The list of coded requirements was then used 

as input to the modified components program. 

■ — - .        .  _ 
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Under present efforts at RAC, computer models are being developed to 

simulate logistic management and operations—initially in overseas theaters of 

operations. Concepts of the models are contained in RAC-TP-179.* One of 

the models under development is the Theater Construction Model. It has been 

within the scope of efforts on this model that the linear programming models 

described in this paper were developed. 

EXPERIENCE WITH TIU) MODEL 

■■ 

A computer program has been written to read as parameters the designa- 

tions of facilities to be considered and to extract from an Engineer Functional 

Components System master tape the list of items contained in the facility, in 

a format suitable for direct input to the LP/44 linear programming package 

for the IBM 7044.  For a simple problem involving only facilities and selected 

items the user specifies upper and lower bounds and weights on the facilities, 

constraints on selected items, and options of the LP/44 code to be used. 

Several problems have been analyzed using this extract program and the 

LP/44 package, and the results have been interesting. The extensive analysis 

that is possible leaves numerous possibilities open for use of the models in 

examining alternative construction programs and/or policies. Great detail of 

analysis is made possible by the system, which requires a considerable han- 

dling effort in terms of planning personnel. Manual processing of such detailed 

information was previously out of the question, but the planner can employ this 

tool if the detail of analysis is desirable. 

It should be noted that facilities and installations are integer-valued.  The 

usual problems of rounding integer-valued variables hold in this model.  When 

the numbers are large, this does not pose a problem in practice.  When the 

numbers are small (such as if the number of installations is one cr two) a 

problem is created that may require extensive analysis of integer linear pro- 

gramming problems. At this stage of development of the models, no solutions 

to this type of problem are offered, but the reader is alerted that the problem 

exists. 

1 
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MODEL LIMITATIONS 

The models proposed here are not considered to be the final answer to 

the problem concerning selection of construction tasks within resource con- 

straints. Rather they offer a method to address the problem that will proba- 

bly be developed further. It Is recognised that current hardware capacity In- 

troduces limitations on the size of problem that can be handled at the present 

time. Such limitations are recognized as currently Inhibiting operational ap- 

plications but not affecting the value of experimenting and testing the logic 

Involved, knowing that such hardware constraints will be overcome In time 

with the advent of both higher-capacity computers and new techniques. 

COMPUTATION OF RESOURCE REQUIREMENTS FOR GIVEN 
FACILITY OR INSTALLATION SPECIFICATIONS 

Resource Requirements for Given Facility Specifications 

Definet as follows: 
3 the number of units of resource i needed In the construction of one unit 

of facility j, where i = 1, . . . , M and | ■ I n 

- the specified number of units of facility j to be constructed* 

• the units of resource i required to satisfy all the facility construction 

specifications 

The resource requirements for all resources d^ (i = I, . . . , m) to satisfy 

all facility construction specifications r (j =1, . .., n) may be computed by 

dt,       i -   1 m. 

"a 

4 

&•*'** 

Here we use the term 'resource* Interchangeably with "items and/or sets" de- 

fined previously and given as examples In Fig. 2. 

^ All deflDitlons used in the paper are repeated In a list of notation on page 3. 
* A bar la used over certain symbols in this section for quantities that become de- 

cision variables and resource limitations in the next section. 

10 
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Facility Requirements for Given Installation SpecHiotion» 

Define as follows: 

a'ik - the number of units of facility j needed in the construction of one unit of 

installation k, where | = 1, ...,11 and I ■ 1, . • • f p 

yk   ■ the specified number of units of installation k to be constructed 

To construct specified installations yk (k = 1, . . ., p) the number of units 

of facilities L (| ■ 1 ") may ^ computed by 

This may serve as an input to the calculations of resource requirements 

i, (i = 1 m) described in the previous paragraph. 

Resource Requirements for Given Installation Specifications 

Define as follows: 

blk - the number of units of resource i needed in the construction of one unit 

of installation k, where 1-1 M and k - 1, . . . , p. This quan- 

tity may be computed by 

"         ,                   i - I,...,«, 
^,«(,"1"« - bm'      k. 1 p. 

To construct specified installations ft (k « 1 p) the required num- 

ber of units of resources d, (i = 1 m) may be computed by 

Discussion 

It should be noted that data for a,, 's are available directly from DA 

TM 5-303,s which gives the bill of materials by item for given facility construc- 

tion requirements. Data for ajk's are available directly from DA manual 

TM 5-301,1 the facilities contained in given installations. Computation of blk's 

would enable direct computation of resource requirements for Installation spe- 

cifications, rather than indirect two-step computation of,first, facility require- 

ments and then resource requirements. 

( 

1 

11 
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ONE-PERIOD LINEAR PROGRAMMING MODELS FOR CHOOSING 
FACILITIES OR INSTALLATIONS TO BE CONSTRUCTED 

One-Period Model for Choosing Facllltleg 

Define aa follows: 

4   ■ • limitation on the total number of units of resource i to be available 

during the period 

Xj    - the unknown number of facilities of type j to be constructed during the 

period, with lower bound x/'J  and upper bound xW 

c.    s a weighting factor expressing the relative worths of facilities to be con- 

structed, to be used in developing the weighting function to be maximizedt 

The constraints on the linear programming model are that the resource 

limitations not be exceeded 

* 

s «„», < <«,. i - I,...,*, 

and that the lower and upper bounds in the facilities to be constructed are sat- 

isfied 

■.•siiSSkW.     j - 1 "• •J -*J 

Subject to the constraints, the linear programming problem is to choose facili- 

ties x. (J - 1, ...,«) to be constructed during the period to maximize the 

weighting function 
■ 
2  c, i 

/-I /AJ- 

The resources d* (i = 1, . . . , M) required to execute the optimal solu- 

tion *? {\ = 1, • • • , n) may be computed by 

,*%*;■<•  i-1 "• 

One-Period Model for Choosing Installations 

ri. 

Define as follows: 

> the unknown number of installations of type k to be constructed during 

i 

' 

^In many applications the program also provides valuable results if task require- 

ments are treated as being of equal Importance. 

■ 
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■ 

L 

the period, with lower bound yk
(li and upper bound yj*) 

ek   = a weighting factor expressing the relative worths of Installations to be 

constructed, to be used In the weighting function to be maximized 

The constraints in the mathematical programming model are that the re- 

source limitations are not exceeded 

and that the lower and upper bounds on the installations to be constructed are 

satisfied 

Subject to the constraints, the linear programming problem Is to choose instal- 

lations yk (k > 1, . . . , p) to be constructed during the period, to maximise the 

weighting function 

\tSf* 

The resources d* (i - 1, . . . , m) required to execute the optimal solu- 

tion yfc* (k " 1» .... p) may be computed by 

■   t 

ONE-PERIOD LINEAR PROGRAMMING MODEL Ft» CROOOMG COM- 
BINED FACILITY-INSTALLATION CONffTRUCTION PROGRAMS 

It would be desirable in some cases to differentiate between facilities con- 

structed as a part of installations, and lac 'utles constructed separately. This 

is particularly useful because a facility might be weighted quite differently In 

the separate applications. 

Using the definitions in the previous section and assuming that facilities 

r (i * 1,... , n) are not a part of installations yk (k - 1, . . ., p), constraints 

can be written that the resource limitations are not exceeded by facilities con- 

structed separately plus installations constructed 

18 
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.V'/'«+
k!,b"'y*s^ i - 1 » 

Lower and upper bounds could be imposed on facilities constructed separately 

«/"i'i W''   ' ■' "• 

and on installations 

irsHSfP' 
Subject to the constraints the linear programming problem is to choose 

facilities Zj (J - 1, . . . , n) and installations yk (k - 1, . . . , p) to maximize 

the weighting function 
B p 
X c, jt, + 1  ekyfc. 

/-I   I   I    k-l   *   * 

The resources d* (i = 1, . . . , m) required to execute the optimal solu- 

tion ij* (j = 1, . . . , n) and yf ('* = 1, .. ., p) may be computed by 

^/./«r^tj^y:-C  ••«. 

MULTIPERIOD USE OF ONE-I EMOD MODELS 

Consider the one-period model for choosing facilities described previously. 

To use this model over u number of time periods, in the first period con- 

straints would be establls>ed on the number of units of resources available d, 

0 = 1, . . . , m), lower and upper bounds on the facilities to be constructed 

x/'J and x/"^ (| ■ 1, . . . , n), and weights c. (j ■ 1, . . . , it). In the second 

and succeeding periods, the resources d* (i 31, . . . , m) used during the pre- 

vious period would be examiner*, a'eng with the additional resources made 

available, to obtain a new d. (i = 1, .. ., in), new lower and upper bounds 

would be set on the facilities to be constructed depending on the facilities that 

were constructed, and new weights would be assigned. 

Symbolically, let the time period be denoted by a superscript t. Define 

as follows: 

d/   ■ the limitation on resource i during the tth period 

xJ  * the unknown number of facilities of type j constructed during the tth 

period, with lower and upper bounds z^') and xMu) 

l 

14 
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Cjt  ■ the weighting function on facilities of type f in the Ith period 

zj*' - the chosen construction of type j during the tth period 

d*' ■ the required resources of type i necessitated by the chosen construction 

xf'O = 1 »d 
The multiperiod use of the one-period model would proceed as follows: 

(1) Determine initial stocks of resources and specify 41 (i a 1, • • • • ■)• 

Specify if**i x/W, and c/ (j - 1. • • • , »). 

(2) Solve for x^O = 1 «). 

(3) Compute if Hi » 1, .. . . M). 

(4) For the second period ai<d thereafter, determine the status of resources 

as d,' • d/-1 -d*1-1 ♦u/ (i s 1, . . . , ■), where «,' is the number of resources 

added to be available during the tth period. Specify x/O, rtM, and cf 

(j - 1 N). Solve for x^ii «1, . . . ,n). Compute if* {( = lt . . ., w). 

The one-period model for choosing facilities and one-period model for 

choosing combined facility-installation construction programs could be simi- 

larly used over a number of time periods. 

MULTIPERIOD LINEAR PROGRAMMING MODELS 

/ 

r 

In this section a multiperiod model for choosing facilities is presented. 

It can be readily extended to the other problems. 
■ 

Model for Choosing Facilities 

To facilitate presentation of the models in this section, matrix notation 

is adopted. Define as follows: 
... f   -   1, . .. ,M 

A      (V      j .  1 n 

s    = (st)   = the number of units of resource i on hand before the start of the 

initial time period, where i a 1, . . . , M 

u'   ■ («,)• ■ the number of units of resource i added to be available in time I, 

where i = 1, .. ., M and t * 1, . . ., T 

x'   ■ (*<)' = the unkno* i number of units of facility j to be constructed in the 
tth time period, where j - 1, . . . , H and lower and upper 

15 
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bounds xW = (XjW)« and ^"M   ■   (x^)'   are specified for all 

the time periods 

z(   - (Zj)' ^ the number of units of resource i carried over to the next period 

in time I, where i = 1, . . . , m 

Define the weighting function c( ■ {c^f = the weighting factor expressing 

the relative worths of facilities to be constructed, where | ■ 1 n. 

In the first period a constraint may be written that the resources used 

plus the resources carried over into the next period equal the total availabili- 

ties this period 

Ax1 + z1  =  s + u'. 

Fcr succeeding time periods the constraint may again be written that the re- 

sources used, plus the resources carried over to the next period equal the 

newly available resources plus the resources carried over from the previous 

period 

Ax1*!1 - u' + z'-1,      t -  I T. 

Another constraint may be written that the facilities constructed fall 

within the lower and upper bounds 

x"» <»' <^>'.       t - 1 T. 

It might be desirable to constrain the total construction oi a given type 

of facility over several time periods within some limitations, rather than one 

period at a time. One way this could be accomplished would be by setting 

x(l> < x *' < xK 
«-•. 

where t   and ^ are the first and last time periods considered, and V") and 

Xi") are the lower and upper total-facility-construction limitations within 

these time periods. 

Subject to the constraints, the linear programming problem is to choose 

x1, t = 1, . . ., T to maximize 

C,1 X,1 ♦ C^ «jU... ♦ c,,1 x,,1 + c,2 x,2 + ... + cn
T xB

T. 

Figure 3 shows a schematic simplex tableau for the multiperiod model 

for choosing facilities, not including lower and upper bounds on the variables. 

16 
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Fig. 3—Schtmotic Simpltx Tobltou for Multipwiod Focilitits Medtl 

Net including lower and upper bound* on availobilitie«. 

; 

Extension to Other Caaea 

A multiperiod model could be built for the installation construction pro- 

gram by defining the installation-construction coefficient matrix 

B - (b,,,). 1 m 
1 P 

and the variable y1 = (yk)' • the unknown number of units of installation k to 

be constructed in the tth period, where k ■ 1, . . . , p, with lower and upper 

bounds yO' and yW specified for all time periods. The other variables 

would be the same, and the formulation would be similar. 

Also, using A and B, x* and y', and the other variables, but separating 

facilities constructed separately from those in installations, the one-period 

model for choosing combined facility-installation construction programs could 

be extended. 

ALTEPUATIVE SPECIFICATION OF OBJECTIVE FUNCTIONS 

One difficult problem in the use of the models is the specification of 

lower and upper bounds and weights on the facilities and/or installations to 

be constructed. The weighting process is for the purpose of specifying the 
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value of one unit of each facility and/or installation.  Within each type of facil- 

ity or installation, each unit is assumed to be able to be weighted equally. 

Specification of lower and upper bounds solves the problem to some ex- 

tent, making the total number of facilities and/or installations constructed lie 

within a certain range.  However, the weights still are with respect to all units 

within each type of facility and/or installation. 

One improvement in the weighting process assumed throughout this paper, 

and discusf.ed above, will now be outlined.  For purposes of discussion assume 

that we are considering the one-period linear programming model for choosing 

combined facility-installation construction programs.   The user of the model 

will be required to specify a ranked list of inputs, each of which contains lower 

and upper bounds, and an associated weighting function. 

Define the 4th set of lower and upper bounds on facilities to be constructed 

separately 

»7l),<»j <«,('')'' 

and lower and upper bounds on installations 

,(•)«< fr*s*k*H (M), 

1 " 

I,. 

where q= 1, . . . , Q. Also define the f th set of weighting factors on facilities 

constructed separately CjMj = 1, . . ., n) and on installations V(k B 1, . . ., 

The key element in this formulation is that the 4th set of weighting factors is 

applicable only to those units constructed above and beyond the lower bounds 

and below the upper bounds.  Thus comparing facilities and/or Installations 

above the lower bounds with those of the same or other types below the lower 

bounds is avoided. 

The set of lower and upper bounds and weights is assumed to be ordered 

by desirability. The first step is to compute for 4 - 1 

P). 

1 a   i*"1 +  i   b    v*"1 - d(l)1        i -  1 • i"!, 

the resources required by the first set. If d/1^1   * 4, i   = 1, . . ., m, then 

the lower bounds are feasible. Assume that they are to be constructed. Then 

for the constraints 

I 

* 
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^-wj,6..,^'.--r. i « lt...,M 

and upper bounds 

«, sV"" - x/01.     > - 1  

choose facilities and installations Xj{) = 1 n) and yk (k = 1 p) to 

maximize 

i'f'l'ii'*'* 

If the lower bounds are not feasible for q = 1, perform the feasibility 

analysis for 4 = 2 etc. until a feasible lower bound is encountered. Then per- 

form the steps described for q = 1.  If none of the lower bounds for 4 s 1, . . . , 

Q is feasible, a new set must be formulated or some other analysis performed. 

I 
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