
ABSTRACT

I
n the planning of military operations,
deciding who should do what, where,
andwhen is crucial for the success of the

operation. This troops-to-tasks analysis is
a project scheduling problem closely related
to the well-established resource-constrained
project scheduling problem, with many
additional characteristics and constraints.
The standard resource-constrained project
scheduling problem is NP hard. When it
comes to the troops-to-tasks analysis, it will
vary from case to case whether the problem
is solvable mathematically within a practi-
cal time frame, and within the memory
limits on today’s computers. In this paper
we outline the scope of the troops-to-tasks
analysis. We present this problem setting,
and emphasize its complexity compared to
known problems from the literature. We
formulate a mathematical model for opti-
mizing the troops-to-tasks analysis in a high
intensity land operation on brigade level
with supporting resources from the Air
Force. This is a small to medium sized
operation where the troops-to-tasks problem
is solvable mathematically. The model we
present in this paper gives us the opportunity
to study the characteristics of the problem,
and it can serve as a tool in future research,
when testing the performance of heuristic
solution methods.

INTRODUCTION
Military operations often involve a large

set of tasks that have to be performed with
limited resources. An important part of
planning an operation is deciding who does
what, where, and when. In operational
planning, this is called the troops-to-tasks
analysis. This analysis is conducted by the
operational planning staff, under the guid-
ance of the commander.

The Norwegian Defence Research Es-
tablishment (FFI) ‘‘has the primary re-
sponsibility for defence-related research
in Norway. FFI is the chief adviser on
defence-related science and technology to
the Ministry of Defence and the Norwegian
Armed Forces’’ (http://www.ffi.no/en/
Sider/default.aspx). Analysts from FFI fre-
quently participate in exercises with the
Norwegian Armed Forces, and they were
deployed with the Norwegian Armed

Forces in Afghanistan in the period
2008–2013. Through this, we have identified
the potential of optimizing the troops-to-
tasks analysis. Such an optimization has
several purposes. One is to find out who
should do what in the operation. Another
could be to check the feasibility of a given
plan, for example, when it comes to the de-
sired timelines and resource usage. In addi-
tion, an optimization model would be a tool
for testing different alternatives by varying
input data and conditions to see how such
variations affect the operational plan.

The troops-to-tasks analysis is also
a part of long-term defense planning
(LTP). At FFI, much effort is put into the
study of the future development of the
Norwegian force structure (Hennum and
Glærum, 2008, 2010). Similar to the case in
NATO, we use a scenario-based approach
to long-term planning. In principle, the sce-
narios represent high- or low-intensity op-
erations. By identifying the necessary
resources for handling the different scenar-
ios, analysts develop effective alternatives
for future force structures.

A military operation can be viewed as
a project in which activities must be per-
formed by a set of resources. There have
been many efforts to incorporate methods
from project scheduling and general plan-
ning into military operational planning
(Abbas et al., 2006; Bui et al., 2009; Li and
Womer, 2009a; Popken and Cox, 2004;
Schlabach et al., 1999;Wilkins andDesimone,
1994; Willick et al., 2010). The difference
between a troops-to-tasks problem and
other closely related problems from the
literature is the complexity introduced
by including aspects of the problem such
as resource hierarchy, locations, and re-
sources skills and capacities, as we describe
later.

The troops-to-tasks problems fall into
the category of resource-constrained project
scheduling problems (RCPSP) (Brucker
et al., 1999; Hartmann and Briskorn, 2010;
Icmeli et al., 1993; Özdamar and Ulusoy,
1995). The RCPSP considers a project with
J activities, where each activity j has a pro-
cessing time pj. Theremay be precedence re-
lations between some of the activities. This
means that an activity j cannot be processed
before its predecessors are completed.
There are K renewable resources, and each
activity requires rjk units of resource k in
each period that the activity is in process.
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The activities are scheduledwith starting times Sj.
The model allocates resources and starting
times to each activity and the objective is tomin-
imize the makespan.

RCPSPs are proven to be NP hard, which
means that problems other than very small ones
cannot be solved exactly within reasonable time
(Blazewics et al., 1983). The RCPSP and related
problems are usually solvedwith heuristic algo-
rithms, like the tabu search algorithm and ge-
netic algorithms. We find many references to
different algorithms in the literature. Kolisch
and Hartmann (2006) give an overview of many
of them. Bui et al. (2009) formulates a multi-
objective risk-based framework for mission
capability planning, formulating the military
planning problem as a basic, though stochastic,
RCPSP. Li and Womer (2009a) study the plan-
ning of shipboard manpower with a case study
from the US Navy.

The multiskill project scheduling problem
(MSPSP) is an extension of the RCPSP proposed
by Bellenguez and Néron (2004). Here, the re-
sources are, e.g., staff members who are able
to perform more than one kind of activity. That
is, they possess more than one skill. The activi-
ties have different skill requirements, instead
of specific resource requirements. Many skills
may be necessary to process one activity. Staff
members can only process one activity at a time.
The troops-to-tasks problem is an MSPSP with
many additional constraints and possible objec-
tives. The troops are like staff members with dif-
ferent skills. Li and Womer (2006) also study
problems with multiskilled personnel, or multi-
purpose resources. They study both minimiza-
tion of the total number of resources (Li and
Womer, 2009a) and minimization of project
costs (Li and Womer, 2009b).

The MSPSP can be viewed as a variant
of the well-established multimode resource-
constrained project-scheduling problem (Alcaraz
et al., 2003; Hartmann and Briskorn, 2010), as
explained by Bellenguez-Mourineau andNéron
(2008). In that case, resource requirements for
each processing mode of each activity corre-
spond to a given subset of resources that may
process that activity. This, however, may lead
to a very large set of modes, given the many
skills that each resource may possess and the
number of resources that may be necessary to

process an activity (Bellenguez-Morineau and
Néron, 2008).

The MSPSP is also NP hard, which leads us
to suspect that troops-to-tasks problems will
also often be difficult or impossible to solve
mathematically. However, because of the con-
straints and the characteristics of some troops-
to-tasks problems, there will be problem
instances that are solvable within a timeframe
that is acceptable in practice. In this paper, we
show an example of such a problem instance.
We also discuss how the characteristics of a
troops-to-tasks problem will influence its solv-
ability, and how we can model it in a manner
that increases the chance of solvability.

Optimizing the troops-to-tasks analysis will
be useful in many sorts of operations in the
whole spectrum of conflict, from low-intensity
peace operations to high-intensity operations.
In this paper, we look at the high-intensity case.
In peace operations the models might have dif-
ferent constraints and objectives, but wewill not
study these in this paper. The purpose of this
paper is threefold. First, we want to outline
the scope of the troops-to-tasks analysis for
high-intensity operations. We present this prob-
lem setting, and emphasize its complexity com-
pared to known problems from the literature.
Some parts of the troops-to-tasks problem set-
ting have been previously addressed. Second,
we formulate a mathematical model for opti-
mizing the troops-to-tasks analysis in high-
intensity operations. We present a case that
represents an operation where the troops-to-
tasks optimization is solvable using our mathe-
matical model. We study the structure of this
problem instance, and how this affects the
solvability of the problem. Third, we regard
our work as groundwork for developing heuris-
tic solution methods for solving troops-to-tasks
problems of all sizes. Our model is an essential
benchmarking tool when it comes to the devel-
opment of heuristic algorithms.

The model we present is based on NATO’s
operational planning process, and how the op-
erational planning staff evaluates the resource
requirements in this process. Operational plan-
ning in NATO follows a strict procedure, which
is described in the Comprehensive Operations
Planning Directive (COPD) (SHAPE, 2010). In
this process, the staff develops several tentative
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courses of action (COAs), which are options that
‘‘will accomplish or contribute to the accom-
plishment of a mission or task, and from which
a detailed plan is developed’’ (SHAPE, 2010,
7-2). Considering as many COAs as possible
provides flexibility on how forces may be
employed. A part of analyzing each COA is con-
ducting a troops-to-tasks analysis. This analysis
‘‘seeks to determine the military capabilities
and capacities required to implement the
COA’’ (SHAPE, 2010, 4-58). The goal is to ‘‘opti-
mize the joint force employment and preclude
duplication of effort’’ (SHAPE, 2010, 4-59).

Even when following this strict procedure,
the COPD states that ‘‘throughout the planning
and execution process, theremust be a continual
review process to update the design, plan and
execution of an operation’’ (SHAPE, 2010, 1-3).
In this context, an easy-to-update scheduling
tool would be useful for the staff supporting
the commander. The tool that NATO uses for
operational planning (TOPFAS) includes the
troops-to-tasks analysis, but there is no optimi-
zation process included in TOPFAS yet, instead
relying on military judgement.

MODELING CONSIDERATIONS
The model we describe in this paper is

aimed at a high-intensity land operation with
supporting resources from the Air Force or the
Navy. In the Army resources are hierarchical,
as a person is a part of a squad is a part of
a platoon, etc., and the personnel are regarded
as resources in the troops-to-tasks analysis.
However, in the Navy and in the Air Force the
platforms are often regarded as the resources
in a planning context. So a vessel or an aircraft
including its personnel is assigned to a task,
not the personnel itself. This means that for
planners some resources may be part of a strict
hierarchy and others may not.

Even though the military hierarchy consists
of many levels, an order will only go one level
down. In planning, however, it is essential to
look further than that. A brigade commander,
for example, will make his plan in cooperation
with all of the commanders of the underlying
battalions, who are coordinating their compa-
nies, and so on. The hierarchy puts restrictions

onwhere the different resourcesmay be at a cer-
tain time. In our model, the units that are a part
of the hierarchymust operate as awhole, requir-
ing that all underlying troops are situated in
(approximately) the same location. We model
this with super-resources and sub-resources.
Units that can operate freely are modeled with
a one-to-one relation between a dummy super-
resource and the sub-resource (the resource
itself).

Resources may possess many skills. The re-
sources can use several skills at the same time.
In many operations, the resources’ skills may
be of different levels. Such hierarchical levels
of skills have been studied by Bellenguez and
Néron (2005). However, in a high-intensity op-
eration we assume that every resource will only
be assigned activities that they are highly qual-
ified to perform, therefore we do not consider
levels of skills.

Resources can process more than one activ-
ity at a time if those activities can be processed
in the same location, and if none of these activ-
ities require the full attention of the resource.We
model this as exclusive and non-exclusive activ-
ities. If an activity is exclusive, the resources
processing it can only process this activity at
a certain point in time. In a high intensity oper-
ation, many of the activities will be exclusive.

Resources also have a capacity for each skill.
Two resources possessing the same skill might
have different capacities for that skill. For exam-
ple, one type of aircraft may be able to solve
a task using one aircraft, while another type
may need two aircraft to process the same task.
A surveillance activity may, for example, re-
quire a capacity of 0.8 of a specific surveillance
skill. That means that this activity can be pro-
cessed equivalently by two resources that each
has a capacity of 0.4 of this skill or by one re-
source that has a capacity of 1 of this skill. If a re-
source’s capacity is larger thanwhat is required,
that does not mean that it has ‘‘left over’’ capac-
ity to use on another task at the same time. It is
the exclusiveness of the activities that decides
whether a resource can do more than one task
at a time.

A resource is situated in a location and it
takes time to move between locations. Location
problems have been studied in several papers
(Krüger and Scholl, 2010; Mika et al., 2006),
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but thenmostly without the resources travelling
between the locations where they are situated.
Travelling time between locations may be mod-
eled as a sort of set-up time, or by saying that an
activity cannot be started before all resources
that shall process it have had the time to travel
to the activity’s location. Set-up times are stud-
ied in, e.g., Mika et al. (2006, 2008), Neumann
et al. (2002), and Schwindt (2005).

Activities may or may not have to be pro-
cessed at a specific time. Several papers con-
sider release dates (first allowed starting time)
and deadlines (last allowed starting time)
(Drezet and Billaut, 2008; Kis, 2005, 2006;
Klein, 2000; Klein and Scholl, 2000). Similarly,
activities may have to be performed within cer-
tain phases of the operation. In high-intensity
operations, there are usually different phases,
and the transition to a new phase is often
marked by the successful completion of certain
tasks. Wemodel this using precedence relations
between activities.

Some tasks might have to be processed in
parallel. We say that such parallel activities
must start at the same time, which means that
they could end at different times, depending
on the duration of each activity.

MATHEMATICAL FORMULATION
In this section we show the mathematical

formulation of the troops-to-tasks analysis in
a high-intensity land operation with supporting
resources from the Navy and the Air Force.

Input data

• T: end time in the model
• J : set of activities
• J exc: set of exclusive activities
• J j

pre: set of predecessor activities of activity j
• J j

par: set of parallel activities of activity j
• K: set of resources
• Ksup: set of super-resources
• Kk

sub: set of subresources of resource k
• Sk: set of skills that resource k possesses
• Sj: set of skills required for activity j
• L: set of locations
• L: number of locations

• J: number of activities
• csk: capacity of skill s for resource k
• kk

sup: super-resource of resource k
• dll#k: travel time between locations l and l# for

resource k
• dj: duration of activity j
• ESj: release date (earliest allowed starting

time) of activity j
• LSj: deadline (latest allowed starting time) of

activity j
• csj

req: minimum capacity requirement of skill
s from activity j

• M: big number

Decision Variables

wjt 5

1; if activity j is processed;

starting at time t

0; else

8><
>:

xjtks 5

1; if activity j is started at time t;

processed by resource k

using skill s

0; else

8>>><
>>>:

ylkt 5
1; if resource k is in location l at time t

0; else

�

Objective Function
The objective is to minimize the makespan

of the project, i.e., the start-up time of dummy
activity J.

min
XT
t51

wJtt (1)

Constraints

XT
t51

ðt1 dj 2 1Þwjt #
XT
t51

wJt j 2 J (2)

X
k2K

X
s2Sk

xjtks $wJt j 2 J; t5 1;.;T (3)
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xjtks #wjt j 2 J; t5 1;.;T; k 2 K; s 2 Sk (4)

wjtc
req
sj #

X
k2K

cskxjtks j 2 J; t5 1;.;T; s 2 Sj (5)

XT
t51

wjtt$
XT
t51

wjtESj j 2 J (6)

XT
t51

wjtt#
XT
t51

wjtLSj j 2 J (7)

12
XT
t51

wjt

 !
M1

XT
t51

wjtt$
XT
t51

wj#tt1 dj#

j 2 J; j# 2 J
pre
j

(8)

XT
t51

wjt #
XT
t51

wj#t j 2 J; j#2 J
pre
j (9)

XT
t51

wjtt5
XT
t51

wj#tt j 2 J; j#2 J
par
j (10)

XT
t51

wjt $ 1 j 2 J (11)

1

M

X
s2Sk

xjtks 1
Xt1dj21

t2t

X
s2Sk

xj#tks

 !
# 1

t5 1;.;T2 dj; k 2 K; j 2 J; j#2 J
exc
; j# 6¼ j

(12)

X
s2Sk

xjtks 1
1

M

Xt1dj21

t2t

X
s2Sk

xj#tks

 !
# 1

t5 1;.;T2 dj11; k 2 K; j#2 J; j 2 J
exc
; j# 6¼ j

(13)X
l2L

y‘kt # 1k 2 K; t5 1;.;T (14)

yljkt# $
X

k$2Ksub
k#

X
s2Sk$

xjtk$s

k 2 Ksub
k# ; k#5 sup

k ; j 2 J; t5 1;.;T2 dj 1 1;

t#5 t;.; t1 dj 2 1

(15)

X
j2J

Xt
t#5max 1;t2dj11f g

X
k$2Ksub

k#

X
s2Sk$

xjt#k$s $
X
l2L

y‘kt

k 2 Ksub
k# ; k#5 k

sup
k t5 1;.;T

(16)

ðylkt# 2 1ÞM# ðt#2 ðt1 dlljk 1 1ÞÞyljkt
k 2 K; j 2 J; l 2 L; t5 1;.;T2 1; t#5 t;.;T

(17)

xjtks 5 0; 1f g j 2 J; t5 1;.;T; k 2 K; s 2 Sk

(18)

wjt 5 0; 1f g j 2 J; t5 1;.;T (19)

ylkt 5 0; 1f g l 2 L; k 2 K; t5 1;.;T (20)

Constraint (2) makes sure that the dummy
sink activitymarks the end of the project, bymak-
ing it start after all other activities have finished.
Constraints (3) and (4) make sure that wjt ¼ 1 if
at least one resourceprocesses an activity j. Capac-
ity requirements are handled by constraint (5).
Constraints (6) and (7) take care of release dates
and deadlines. Precedence constraints are taken
care of by (8) and (9), and parallel constraints
are handled by (10). Constraint (11) makes sure
that every activity is processed. If a resource is
processing an activity, it cannot start processing
an exclusive activity. This is taken care of by con-
straint (12). Similarly, in constraint (13), if a re-
source is processing an exclusive activity, it
cannot start processing another activity. A re-
source cannot be in more than one location, as
we see in constraint (14). Constraint (15) says that
when a resource or at least one of its co-sub-
resources is processing an activity, the resource
must be in the location of that activity. Constraint
(16) ensures that resources are not allocated to a
location when not processing an activity or when
its co-sub-resources are not processing an activity.
This property is used in the model when calculat-
ing travel times between activities in constraint
(17). Constraints (18–20) define the variables.

ANALYSIS
In this section, we illustrate the use of our

model through an example. In this example
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we describe a high-intensity land operation on
brigade level with supporting resources from
the Air Force. Our brigade structure consists
of four battalions, each with three underlying
companies, in addition to different kinds of sup-
porting units, such as logistics, medical, staff,
Intelligence, Surveillance, Target Acquisition,
and Reconnaissance (ISTAR), and Command
and Control Information System (C2IS). These
supporting units are, however, dedicated to
tasks so they can be excluded from the optimi-
zation. From the Air Force, there are six aircraft
of two different types available. Each army unit
has five skills, and the type of skills they possess
vary among the units. Each aircraft has two dif-
ferent skills. The operation takes place in three
different areas, where there are tasks to be per-
formed in different locations in each area. This
is illustrated in Figure 1 where we can see the
12 different locations in the operation. Travel
times for army units between the three areas
are shown in the figure. As for the travel times
between the locations in each area (solid lines),
the short lines represent a travel time of 1 time
unit, and the longer lines represent a travel
time of 2 time units. One time unit corresponds
to 6 hours. The air craft have negligible travel
times.

There are several tasks to be performed in
each location. In the locations with a thicker cir-
cle line, there are targets that will be taken out.
There are a total of 25 tasks to be performed.
With tasks 1–8 taking place in Area 1, tasks
9–18 taking place in Area 2, tasks 19–24 taking
place inArea 3, and task 25 being an observation
point to be held for a longer period of time in lo-
cation 12. The task durations vary from 1 to 3
time units. Each task requires one to three skills.
The tasks where targets are to be attacked re-
quire a capacity of 2 of some skills. For all other
tasks, the capacity requirement is 1 for each
skill. There are several precedence relations be-
tween tasks.These relationsare shown inFigure2.
Tasks 8, 16, and 24 in the three target locations
must be processed in parallel. Sixteen of the
24 tasks are exclusive. Four of the tasks have
a deadline (latest allowed start-up time) in time
step 1. The rest of the timing requirements are
expressed through precedence relations.

We implemented the model in IBM ILOG
CPLEX Optimization Studio on a computer

with a 2:90 GHz Intel(R) Core(TM) i7-3520M
CPU, running 64-bit Windows 7 operating sys-
tem. The resulting operational plan is shown
in Table 1. The runtime of this optimization
was 2 minutes 17 seconds.

The solvability of troops-to-tasks problems
will vary from case to case. There are many
characteristics of the problems that influence
the solvability. The size of the operation when
it comes to the number of resources, tasks, loca-
tions, time steps, etc., is one. The solvability of
the problem may be adjusted by:

• including or excluding supporting units
such as logistics and medical units in the
optimization,

• varying the number of tasks that are dedi-
cated to specific resources in advance,

• adjusting the number of locations by making
the locations cover smaller or larger areas,

Figure 1. The operation takes place in three differ-
ent areas. In these three areas, there are a total of 12
smaller locations where the tasks shall be performed.
Travel times between the three areas are shown in the
figure. In addition, the short, solid lines represent
a travel time of 1 time unit, and the longer, solid lines
represent a travel time of 2 time units.
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• viewing the operation area as one large area
or several smaller areas, doing one optimiza-
tion for each area,

• adjusting the number of hours in each time
step,

• dividing the operation into more or fewer
phases, or

• being more or less strict on the release date
and deadline requirements.

Obviously, decreasing the level of detail in
the model might decrease the quality of the so-
lution. A characteristic that influences the solv-
ability, but is not possible to adjust in the same
manner as the ones above, is the number of ex-
clusive activities in the operation. In the exam-
ple in this paper, the solution time when all

activities are set to be exclusive is 9 minutes
10 seconds. It is hard to set a general acceptable
runtime for the planning of operations, as this
limit would vary from operation to operation.
However, we assume that when the runtime
gets higher than 15–20 minutes, it starts to be-
come impractical to do many runs.

CONCLUSION
The troops-to-tasks problem setting is

very complex compared to standard resource-
constrained project scheduling problems. We
believe that the value of an optimization model
for the troops-to-tasks analysis will vary from
planning situation to planning situation, but in

Table 1. The resulting plan from the troops-to-tasks analysis. The resources are grouped according to
the hierarchy.

Resource/time 1 2 3 4 5 6 7 8 9 10

R1 A19 A22
R2
R3 A20
R4 A9 A9 A18
R5 A9, A10 A9, A10 A11 A17
R6 A9 A9 A13 A12 A14 A14
R7 A1, A2, A3 A1, A2 A1 A7
R8 A2 A2 A5 A5
R9 A1 A1 A1 A6
R10
R11 A25 A25 A25 A25 A25 A25 A25 A25 A25 A25
R12
R13 A15 A16
R14 A4 A4 A8
R15 A10 A10
R16 A23 A24
R17 A21 A12
R18 A4 A4

Figure 2. There are several precedence relations between the tasks in the operation.
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many cases it would be a useful tool for the ana-
lysts to contribute to the decision-making pro-
cess. NATO wants to include an optimization
model in their planning tool, TOPFAS, and there
is an explicit desire frommilitary personnel in the
Norwegian Armed Forces for optimization of the
troops-to-tasks analysis. It is, however, impossi-
ble to include all real-life aspects in an automatic
troops-to-tasks analysis. A schedule provided
by such a model will almost certainly need to
be adjusted by the military staff. A useful way
of applying models in military planning is to
generate different solutions quickly, based on
changes in inputs. Such experimentation adds
valuable information about the situation at hand.

The mathematical model we presented in
this paper is based on the resource-constrained
project scheduling problem, which is NP hard.
Larger instances of troops-to-tasks problemswill
have too high amemory consumption to be solv-
able, or runtimes that are impractically long.
However, because of the many restrictions and
characteristics of the troop-to-tasks problems,
smaller or medium-sized problems might be
solvedmathematically. Aswedescribe in this pa-
per, the problems can be modelled in a manner
that increases the probability of solvability. De-
creasing the level of detail might, however, de-
crease the quality of the solution. To be sure to
solve most kinds of troops-to-tasks problems, it
is necessary to develop heuristic algorithms.
These cannot guarantee optimal solutions, but
the literature shows that such algorithms per-
form very well. The mathematical model pre-
sented in this paper will be important to use for
benchmarking when developing heuristic solu-
tion methods.
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