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Abstract

In the past Unmanned Underwater Vehicles (UUVs) have
been used to perform different tasks such as mapping the
ocean floor and on-site exploration. Current research reveals
even more applications for UUVs in many different areas in-
cluding the military, scientific research, commercial uses, and
even certain aspects of law enforcement. Unless missions for
these applications can be written using a high-level pro-
gramming language, many of these missions will be error
prone and difficult to maintain, especially if missions are cre-
ated for a group of cooperating UUVs to achieve a common
goal. If the group contains UUVs that have different capabili-
ties all together, writing and maintaining multiple missions
for this heterogeneous group will be even more difficult. The
goal in this paper is to propose methods that utilize an exist-
ing high-level Mission Programming Language (MPL) as a
framework to allow a user to create a set of parallel sub-
missions for a group of UUVs from a user specified mission.
We discuss various methods of generating automatically a set
of parallel sub-missions from this user specified mission and
provide some preliminary results from our simulations that
implement the proposed methods.

1. Introduction

In the past Unmanned Underwater Vehicles (UUVs) have been
used to perform tasks such as mapping the ocean floor and sur-
veying wreckage such as sunken ships. As UUV research con-
tinues, more and more applications for UUVs are being pro-
posed in many different areas including mine detection and
identification (Freitag et al 2005), environmental monitoring of
pollutant levels found in water as well as observing and collect-
ing data on aquatic life (Tripp 2006). Even certain aspects of
law enforcement are considering using UUVs to patrol com-
mercial fishing areas to enforce established fishing regulations
(Tripp 2006). Some of these applications even include using
multiple cooperating UUVs.

Since many UUV missions are often critical, successfully
programming missions for these vehicles still remains a key
factor in a particular mission’s success. As with writing any
type of program in a specific language, errors may be intro-
duced due to typos, incorrect calculations, or simply the user’s
lack of knowledge of the particular language. Furthermore, with
research moving towards using groups of UUVs to accomplish
a common goal (with larger and more complex mission files),
manually programming missions for multiple vehicles could
introduce even more errors, especially if the vehicles used in
the mission are heterogeneous, that is, they each use a different
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language or possess different capabilities (e.g., having different
types of sensors for collecting various types of data). This is
why high-level Mission Programming Languages (MPLs) such
as those mentioned in (Giger et al 2006), (Eberbach et al 2003),
(Duarte et al 2005), (Davis 2005) have been developed to help
reduce many of these errors. While high-level MPLs are very
useful to program missions for a single UUV, they lack the
capability to process a mission for a group of UUVs. In the
current setting, the user must write a separate mission for each
vehicle in the group. This can make the user’s job even more
burdensome, especially if the group of UUVs is heterogeneous.

There has not been much prior work in using a high-level
MPL for UUVs to generate a set of parallel sub-missions for a
group of vehicles. Related work has been done in (Eberbach et
al 2003), (Duarte et al 2005) to allow a group of heterogeneous
UUVs to communicate using a Common Control Language
(CCL) that also includes a supporting compiler and interpreter,
but a user must still create missions and take into account any
parallel aspects that is to be executed by more than one vehicle.
Our goal in this paper is to extend the previous work on our
MPL and propose methods to enable such a language to process
a user specified mission and generate automatically a corre-
sponding set of parallel sub-missions for a particular group of
UUVs.

The rest of this paper is organized as follows. Section 2
briefly introduces the idea of UUVs. Section 3 presents an
overview of our high-level MPL, the mission controller that
uses this language and the compiler for this MPL. Section 4
discusses the concept of a parallel mission and provides motiva-
tion for executing a mission in parallel using multiple UUVs.
Section 5 illustrates our proposed algorithms for generating a
set of parallel sub-missions for a group of UUVs followed by
Section 6, which provides simulations results regarding these
proposed techniques. Section 7 discusses our conclusions and
future work.

2. Overview of Unmanned Underwater
Vehicles

A UUV is an unmanned vehicle that is designed and built to
carryout specific tasks, often referred to as missions, in an un-
derwater environment. UUVs have computer hardware running
controller software, called a Mission Controller (MC), which is
installed to command the vehicle. This controller software exe-
cutes orders (mission commands) contained within a mission in
the same manner instructions of a computer program are exe-
cuted. Orders are often executed sequentially, and sometimes



concurrently (based on how the Mission Controller is struc-
tured) so that the UUV can achieve the overall goal of the mis-
sion. Common orders for an UUV often include waypoint or-
ders, orders for taking GPS readings, orders to operate any
equipment or devices that the vehicle might carry, and survey
orders for some of the more sophisticated UUVs. Missions are
typically written in a language that was developed for the par-
ticular UUV to allow an operator to create these missions rather
than programming using a low-level language (i.e. language
similar to assembly). After a mission is written, it is loaded
onto the UUV to be executed without any operator intervention
once the UUV is deployed.

3. High-Level Mission Programming

3.1 Language

A UUV mission is typically constructed using a set of orders.
UUV missions written by hand in a low-level language can
sometimes be hard to understand. This can result in untidy code
that could contain software bugs, which can make it very diffi-
cult to maintain these missions. Since many UUV missions are
critical, high-level MPLs were developed in order to make it
easier for the operator to create missions and reduce the number
of programming errors. These languages also support high-level
constructs that include looping and conditional statements,
which allows these languages to handle complex and challeng-
ing missions. These constructs are what make a high-level MPL
similar to general high-level languages such as C++ and Java.
As with any programming language, high-level MPLs have a
language specification that shows how to use the different or-
ders. A sample of the MPLs specification for a survey order in
our high-level MPL is shown in Figure 1. A survey order is
characterized by listing a set of four points the makes up a sur-
vey region. In this specification in Figure 1, the elements
marked as Critical are required elements. They need to be ex-
plicitly specified by the user. The elements marked as Optional
are the elements that, if omitted, the compiler will substitute the
default values (enclosed in parenthesis) for them. More details
regarding our high-level MPL are discussed in Giger et al 2006.

3.2 Mission Controller and Compiler

The Mission Controller (MC) (Tangirala et al 2005) is the con-
troller software that is installed on the UUVs computer hard-
ware and it is responsible for executing the orders contained
within the UUV mission. In our case, the MC is a three-tiered
system of interacting hybrid modules, as depicted in Figure 2.
Modules at any level may issue commands to other modules at

Start

TopLett Lat
TopLeit Long
BottomRight_Lat

Survey Order

Critical Float Deq ~ Rad
Critical Float Deq ~ Rad
Critical Float Deq ~ Rad

BottomRight_Long Critical Float Deg ~ Rad
Survey_Depth Critical Float M ~ Ft
Survey_Speaed Critical Float Mps ~ Knots
SwathWidth Optional Float (200.0) M ~ Ft (M)

Figure 1 - Sample of the language specification for a survey
order in the MPL. Note that this specification has been simplified
for the sake of clarity.
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Figure 2 — Mission Controller Architecture

the same level and to any level below. A module can send a
response to any module in the current level and to any level
above. All communications take place through synchronized
events and shared data in a block that is accessible by all the
modules in the MC. The highest level contains the Coordina-
tors, which are responsible for scheduling mission orders con-
tained within the user specified mission to achieve the overall
goal of the mission. At the lowest level are the Behavioral Con-
trollers (BCs) which, interface directly with the Vehicle Con-
trollers (VCs) through the Mission Controller to Vehicle Con-
troller (MC2VC) and the Vehicle Controller to Mission Con-
troller (VC2MC) interfaces. The VCs are responsible for con-
trolling specific hardware in the UUV itself. As the UUV com-
pletes specific orders, responses from these completed orders
are sent by the UUV to the MC via the VC2MC interface up the
chain of command to the coordinators. The coordinators then
issue the next order and this process continues until the overall
goal of the user specified mission is completed.

The MC also interacts with a compiler that is used to compile
and verify the user specified mission so that it can be loaded
onto the mission controller for execution. This compiler is lo-
cated on top of the MC Figure 2. An example user specified
mission and the use of this compiler and MC is discussed in
detail in our technical report (Giger et al 2007).

4. Parallel Missions

4.1 Motivation

With current research moving towards using multiple UUVs to
accomplish a common mission (Eberbach et al 2003), (Duarte et
al 2005), (Davis 2005), the power and flexibility will be greater
than ever before for many UUV applications. For instance, a
single survey order could be divided across multiple vehicles so
that the entire area is surveyed in parallel, thus, taking less time
when compared to the case where only one vehicle is used. This
simple example demonstrates the potential for parallel, coordi-
nated operations in which each vehicle is assigned a small slice
of the entire survey area. However, in order for a mission in-
volving multiple UUVs to be effective, these missions will need
to be divided among the multiple vehicles in such a way so that
they are utilized to their fullest potential.



A high-level MPL is suitable to handle missions for a single
UUV. But what if multiple UUVs were required to execute a
specific mission as illustrated in this previous scenario? With-
out any automated parallelization help, when a group of UUVs
were to execute a particular mission such as a hydrographic
survey, the operator would need to determine the number of
vehicles that will be available at the time when the mission will
be executed, then manually divide the mission into the correct
number of submissions. Manual calculations must be done to
divide the original survey order into the correct number of sub-
missions, which could easily introduce mathematical errors. A
person who is a programmer by trade and who is familiar with
concepts relating to parallel sub-missions could potentially
create a set of parallel missions for this original survey order
with a minimal amount of errors. Knowing the number of vehi-
cles and their types beforehand, this person should be able to
create a set of parallel sub-missions, which would involve di-
viding the original survey order into sub pieces and manually
assigning them to a set of UUVs. However, the people who
create missions for UUVs may not be particularly good at pro-
gramming multiple UUVs. In fact, it might be very difficult for
an average scientist to write parallel missions involving multi-
ple, heterogeneous UUVs. The idea of parallel missions might
not be understood conceptually by these people, which could
result in a set of parallel sub-missions that contain errors. As a
result, the capabilities of the group of UUVs may not fully be
utilized and this could result in improperly collected data. This
is why an automated method is needed for generating these
parallel sub-missions. This will remove the responsibility of
creating these parallel sub-missions out of the operator’s hands
and assign this job to the compiler, which will require addi-
tional functionality to handle the splitting of orders. We will
now discuss modifications to our MPL in order to support this
idea of a parallel mission.

4.2 Parallel Regions

In order to solve this problem of automatically generating a set
of parallel sub-missions, we added a new construct known as a
Parallel Region to our existing MPL. A user adds orders to this
parallel region within the mission as shown in Figure 3. In this
example, a typical survey order is contained within the parallel
region denoted by the reserved words Parallel_Region_Start
and Parallel_Region_End. These keywords act similar to the
pragma keyword (Barclay 1990) in C. Any orders contained

Parallel_Region_Start

{
Start_Order : Survey Order
TopLeft_Lat =: +23.000 Deg
TopLeft Long : -70.000 Deg
BotRight_Lat : +23.500 Deg
BotRight Long: -70.500 Deg

}

Parallel_Region_End

Figure 3 - Sample code illustrating the idea of a parallel region.
Here, the parallel region contains a survey order based on the lan-
guage specification from Figure 1.

within this parallel region will be understood by the compiler to
generate a set of parallel sub-missions based on the original
orders. Even though the responsibility is placed on the user to
indicate which orders need to be executed in parallel, this is the
only responsibility the user has during the process of generating
a set of parallel sub-missions, which leaves the rest of the work
to be done by the compiler. This allows a user to write a mis-
sion using the high-level MPL without having to rely on any
vehicle specific data before hand such as the specific number of
available vehicles and their types.

Parallel regions are also transparent, that is, if the user were to
remove the parallel region keywords, the compiler will simply
treat all of the orders contained in the former parallel region as
a set of sequential orders. In other words, if no parallel region is
encountered by the compiler, it assumes that there is only one
UUV available for the user specified mission. This feature
makes it very easy to transform an existing mission into a paral-
lel mission for multiple UUVs.

The most important point to emphasize is that the compiler,
when given an objective, has the flexibility to decide how to
generate a set of parallel sub-missions for a group of vehicles
from a parallel region construct. (Note the vehicle information
such as the different types of UUVs and the number of each
type is read by the compiler from a database). For example, if
time is a constraint, the compiler can choose to assign the ap-
propriate vehicles to the survey order so this order can be exe-
cuted in parallel within the specified time constraint, thus re-
ducing the execution time. On the other hand if vehicle usage is
a constraint, the compiler can select the minimal number of
vehicles that still possess the required capabilities to satisfy the
survey order. We now discuss our proposed methods that are
used to automatically split a user specified mission (using the
parallel region construct) into a set of parallel sub-missions.

5. Our Partitioning Algorithms

In this section we propose two algorithms that, when given a
user specified mission, take into account the available number
of vehicles, their types, and the set of requirements for the mis-
sion, and generate a set of sub-missions. We discuss these algo-
rithms in detail, including how this data is used to split a user
specified mission into the appropriate set of parallel sub-
missions for a survey order. (Note that while a parallel region
can contain any type of order, our current implementation con-
siders only the survey orders for parallel execution across mul-
tiple UUVs). Section 5.1 discusses an algorithm for reducing
the amount of time it takes to complete a mission. Section 5.2
presents an algorithm that reduces the number of vehicles used
in a mission.

5.1 Reducing Execution Latency under Vehicle
Bounds

Our first algorithm allocates available UUVs to the survey or-
ders in a parallel region to minimize the overall mission execu-
tion latency. When the compiler must generate a set of parallel
sub-missions, it needs to take into consideration the available
vehicle data such as the different vehicles types and the number
of each vehicle type. Let us now consider the example of a rec-



Table 1 - Vehicle data for the example in Figure 3

Vehicle Type Sensors Vehicle Count
Vehicle 1 (V) {81, S} 4
Vehicle 2 (V,) {S:} 2
Vehicle 3 (V3) {S1, 84} 4
Vehicle 4 (V4) {Ss} 2

tangular region that needs to be surveyed where the entire area
requires both sensors S1 and S2. This survey area is assumed to
be specified using a single survey order contained within a par-
allel region similar to the example shown in Figure 3. The
available vehicles for this example are shown in Table 1. In
order to reduce the amount of time to execute the mission, we
will need to consider all of the vehicles that can be used to sat-
isfy this survey area. Note that vehicle types Vi, V,, and V; can
be used to fulfill this survey area as these vehicles contain sen-
sors S; and/or S,. Thus, the total number of vehicles that can be
allocated to this order is ten. Since vehicle type V, is the only
type that contains sensor S,, the four vehicles of this type can
be used to satisfy the S, sensor requirement of the region. The
remaining vehicles can then be used to satisfy sensor require-
ment S; for this region. Note that there is no sensor requirement
for sensor S;, thus the two vehicles with sensor S; remain idle.
After taking this information into consideration, our algorithm
generates the parallel sub-missions illustrated in Figure 4. Our
algorithm for this approach is shown in Figure 5, which is ori-
ented towards reducing the amount of time used to complete a
Survey Order.

To briefly summarize this algorithm, the survey order (line 1)
is retrieved from the parallel region of the user specified mis-
sion. The vehicle types and number of each type (line 2) are
then retrieved from the available data source. The list of vehicle
types that are capable of satisfying particular regions of the
survey order are determined (line 3). The list of regions are then
sorted (line 4) from largest to smallest based on the number of
vehicles that were assigned to each particular region. The idea
here is to survey the regions that require the most vehicles first
so that more vehicles are available to handle later regions that
require fewer vehicles. Lines 5 through 11 generate the set of
parallel sub-missions based on the number of each vehicle type
for each region. This algorithm uses a greedy approach (line 7)
such that it chooses all of the vehicles capable of satistying the
current instance of a particular region. It may therefore produce

1V, 2V, 3V, 4V,
(a) (b)

1V, 2V, 1V; 2V 3V; 4V,

Figure 4 - Survey order split into four sub-missions and assigned
to four vehicles of type V, to satisfy sensor requirement S2. (b)
Same survey order split into six sub-missions and assigned to two
vehicles of type V, and four vehicles of type V3 to satisfy sensor
requirement S1. All vehicles assigned to this survey order can
execute each sub-mission in parallel.

REDUCE-SURVEY-TIME
SA «— get_survey_areas () Il Provided from user mission
VT «— get_vehicle_types () Il Retrieved from data source
Vehicle_List . Types = allocate_vehicle_types ( SA, VT)
sort_satisfy_list (Vehicle_List ) /f Largest to smallest
for j=1to size_of ( SA )
fori=1to size_of ( Vehicle_List;)
num_slices — get_vehicle_count_for_subregion{ Vehicle_List,.Type,)
slice_width «— calc_width_of_subregion { SA‘, )
create num_slices of parallel sub missions for SA using slice_width
10 nexti
11 next |

W0~ Wh =

Figure 5 - Algorithm for reducing the amount of time to execute a
parallel region.(a)

a suboptimal solution. For more details regarding this example
and an additional example showing a more complex set of re-
gions, please refer to our technical report (Giger et al 2007).

An important point to note about overlapping regions cap-
tured by a given parallel region construct is that no work is
duplicated if the overlapping portions of multiple regions re-
quire the same set of sensors. For example, if the portions of
two regions overlap and both require sensor S1. The overlap-
ping portions requiring sensor S1 will only be covered once.
Thus, if the survey for region 2 is executed first, its overlapping
portion with region 1 requiring sensor S1 is covered during the
pass over region 2 and not a second time when the non-
overlapping portions of region 1 are surveyed.

5.2 Reducing the Number of Vehicles Used

Reducing the number of vehicles used to complete a particular
survey order rather than reducing the amount of time is another
important problem to consider when dealing with missions for
multiple UUVs. Consider the same example from Figure 3
where again the survey area requires sensors S1 and S2 and the
available vehicles are shown in Table 1. Our objective is to
select the minimum number of vehicles while at the same time
satisfying all of the sensor requirements for each point in the
specified area. To solve this problem, we adopted the set cover-
ing algorithm (Corman 2001), which is an optimization algo-
rithm that is used to solve resource allocation problems. It at-
tempts to find the minimal number of sub-sets that can cover all
of the points in a given area. In the set covering problem, we
are given a universal set U and the sets S;,..,S,. The objective is
to cover all elements of U with as few §; sets as possible. Given
an arbitrary instance of set covering, we can define an equiva-
lent instance of our problem. Our algorithm for the set covering
problem is shown in Figure 6, which makes use of a greedy
solution. In our context, U will be the set of points requiring
specific sensors (line 1) and s; will be the set of sensors

GREEDY-SET-COVER (X, S)
1 U—X
2C—@

3 while U# @ do
4 select sj S that maximizes | 5, U |
5 C—Cug
6

7 end while
8 return C

Figure 6 - Greedy algorithm for the vehicle minimization prob-
lem.
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Figure 7 - Mission execution time versus the number of vehicles
used for a particular mission.

equipped on vehicle v; where s; € S and v; € V. A single vehi-
cle can visit all points where its sensors are required. For this
reason, we cannot approximate our problem better than the set
covering problem, and therefore, we must settle for Q(log n)
approximation ratio (Feige 1998) where n is the number of
points in the survey area or simply the number of points in U.
That is, we model our problem as follows. U is the set of pairs (
Pj, S i) such that point P; requires sensor S;. If T is a set of
points a vehicle V; can visit on a single trip, we can define set A
={(P,S)€EU:PEA&S eset(v)}

6. Simulation Results

We obtained our results by adding the algorithms from section
5 to the existing compiler in the MC. We then created a set of
missions and used this compiler to automatically generate the
set of corresponding parallel sub-missions for each mission.
Once the missions were generated, they were loaded onto the
mission controller for execution. To simulate the MC, we use a
tool known as Teja NP (http://www.teja.com), which provides
the capability for modeling parallel tasks. We can run multiple
instances of the MC using Teja NP where each instance simu-
lates an instance of a UUV.

6.1 Execution Latency Simulation

We ran several test cases for our parallelization approach dis-
cussed in Section 5.1. We used three different missions for this
simulation (Figure 8). For each mission we ran the algorithm
from Section 5.1 using 1, 5, 10, 15, and 20 UUVs for. Note that

L
ERIER[E

(@) (b) (c)

Figure 8 - (a) Single survey area (b) Three survey areas where
each requires the same sensor type. (c) Same three survey areas,
this time they overlap with one another.

Sensor Types ~~~S1 —— 82 L
—_ 84 e 85 86

(Area 3)

Figure 9 - (a) Survey Area 1, which only requires one sensor.
(b) Survey Area 2 containing sub-regions each requiring a
different sensor reading. (c) Survey Area 3 containing overlap-
ping sub regions each requiring multiple sensor readings.

for this set of simulations, we used a set of vehicles all of the
same type and survey areas that were equipped all with the
same sensor types. The results of this simulation are shown in
Figure 8, which shows the time it takes to execute the missions
from Figure 8.

Mission 1 took the least amount of time in all cases since
there were multiple vehicles all working on a single survey
order. Mission 2 took the longest time since these areas were
independent of one another. Mission 3, on the other hand, con-
sisted of the same survey areas as in Mission 2, but these areas
overlapped with one another. The time to complete this mission
was less when compared to Mission 2. This is due to the lack of
duplication of work when overlapping regions require the same
sensor as mentioned before.

6.2 Minimal Number of Vehicles Simulation

Next we performed simulations with the algorithm proposed in
Section 5.2 with the missions shown in Figure 9 using the vehi-
cles listed in Table 2. Note that the different areas were sur-
veyed using each of the vehicle groups from Table 2. Figure 10
provides the results of these simulations. For example, in using
Group B for Survey Area 2, our set-covering based algorithm
used one of each type of vehicle from Group B to survey each
region that requires a different sensor, thus using only 6 vehi-
cles and leaving the other 4 free. Notice the vehicles in Group
A, which contains all sensors, uses one vehicle for each of the
different survey areas. Group B only uses one vehicle for Area

Vehicles Allocation for Survey Areas

61 O AUV Group A
B AUV Group B
0O AUV Group C

Number of Vehicles
w

1 2 3
Survey Areas

Figure 10 - Number of vehicles allocated for a survey area us-
ing our set covering algorithm from Figure 6.



Table 2 — Vehicles used in simulations in section 6.2

Group | Types Sensors Vehicle
A Vi S15:S584S5Se 10
B Vv, Si 2

Vs Sy 2
\7 S 2
Vs S, 2
Vs Ss 1
\%i Se 1
C Vs SiSy 2
Vo SiS,8s 2
Vio S,S;8, 3
Vi SsSs 3

1 since our algorithm picked the one vehicle that satisfied the
sensor requirement for that particular area. On the other hand
Group B, where each vehicle type only contains one type of
sensor, used 6 vehicles for both survey areas 2 and 3. Group C
has a mix of different sensors and used only 3 vehicles for areas
2 and 3. As mentioned in the previous section, this allocation
method is by no means optimal, but it still does provide a re-
duced number of vehicles for each survey area. In fact, in this
set of simulations our algorithm used a maximum of only 6
UUVs for any of the survey areas depicted in Figure 9.

7. Conclusion and Future Work

This paper has presented initial results from our efforts on
building mission parallelization tools for a group of UUVs. We
considered two algorithms in this work: one for reducing the
mission execution latency and the other for reducing the num-
ber of vehicles used. The experimental results collected so far
are encouraging. Our future work not only includes enhancing
our proposed algorithms from this paper, we are also consider-
ing other approaches as well. We are exploring an integer linear
programming solution from the domain of operations research
(Winston 2004) that will include multiple constraints and will
provide the user with additional mission objectives such as
reducing power consumption for the group of vehicles. We are
also looking at developing a graphical mission tool that will
allow an operator to create missions in a point and click fashion
and further reduce the amount of code an operator actually
writes. Overall, we believe our compiler based approach for
generating a set of sub-missions for a group of cooperating
UUVs is a step toward actually realizing multi-UUV missions
in both military and civilian domains.
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