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Abstract

In classical planning, heuristic search is a popular approach to solving problems very effi-
ciently. The objective of planning is to find a sequence of actions that can be applied to a
given problem and that leads to a goal state. For this purpose, there are many heuristics.
They are often a big help if a problem has a solution, but what happens if a problem does
not have one? Which heuristics can help proving unsolvability without exploring the whole
state space? How efficient are they? Admissible heuristics can be used for this purpose
because they never overestimate the distance to a goal state and are therefore able to safely
cut off parts of the search space. This makes it potentially easier to prove unsolvability.

In this project we developed a problem generator to automatically create unsolvable prob-
lem instances and used those generated instances to see how different admissible heuristics
perform on them. We used the Japanese puzzle game Sokoban as the first problem because
it has a high complexity but is still easy to understand and to imagine for humans. As
second problem, we used a logistical problem called NoMystery because unlike Sokoban it is
a resource constrained problem and therefore a good supplement to our experiments. Fur-
thermore, unsolvability occurs rather 'naturally’ in these two domains and does not seem

forced.
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Introduction

Domain-independent classical planning is the process of finding a sequence of actions for a
given planning task that leads to a goal state. Such a sequence is called plan. Heuristic
search is a popular approach to find such a plan more efficiently. Heuristics approximate the
distance from any given state to a goal state, which can often be a big help in finding plans
faster and with less memory consumption than blindly searching the whole search space.
This works well if a problem has a solution, but what happens if a problem does not have
one?

One objective of this bachelor’s thesis was to find problem domains that can be used to
create unsolvable problems, to think of how such problems could look like and to implement
a problem generator that generates unsolvable problem instances in PDDL, which then can
be used to run tests in the planning system Fast Downward [1]. The other objective was
to find out which heuristics can help proving unsolvability faster and to see how much time
and memory they need. We used several admissible heuristics for this purpose because they
never overestimate the distance to a goal state and are therefore able to safely cut off parts
of the search space where the distance is infinite. The resulting, smaller state space makes
it potentially easier to prove unsolvability.

We decided to use the Japanese puzzle-game Sokoban! as the first problem domain.
In Sokoban, the player takes the role of a warehouse keeper (Japanese: sokoban) and has
to push boxes onto goal fields in order to win. The player can only move vertically and
horizontally and only push one box at a time. In particular, the player cannot pull boxes.
As a result, boxes can easily get stuck in corners and along walls. The second problem
domain we used was a logistical problem called NoMystery. It is a transportation problem
with multiple locations, vehicles and packages. Each package needs to be moved from
some location to another. The locations also have a certain amount of fuel, and a vehicle
cannot leave if there is no more fuel left. We took these two problem domains because
they are both simple to understand for humans while having a high complexity. The way
unsolvability occurs in these domains is rather 'natural’, meaning that such unsolvabilities

are likely to appear when creating problem instances and are not just a result of carelessness

L http://www.sokoban.jp/
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or unrealistic problem structure. Furthermore these domains complement each other well

because NoMystery, unlike Sokoban, is a resource constrained problem.



Preliminaries

This chapter provides the general terms for planning and heuristic search as well as an
introduction to the two planning problems we used in this bachelor’s thesis: Sokoban and

NoMystery.

2.1 Planning

In the area of artificial intelligence, the term planning describes the solving of planning
problems. Planning problems are a formal description of problems we meet in real life such as
navigation, logistical distribution of cargo or puzzle games like the sliding tile puzzle and the
Towers of Hanoi. Such a planning problem is typically described by a set of variables where
each of the variables can have different values. The initial assignment of these variables is
called initial state, whereas goal states are the desired assignments of a given problem. There
is a set of actions to change the assignments of variables. Each action has a precondition
which requires the variables to have certain values and an effect that describes the changes
to the variables after the action has been executed. An action can only be executed if its
precondition is fulfilled. Furthermore all actions have non-negative costs. A sequence of
actions that can be applied to the initial state and leads to a goal state is called a plan.
The costs of a plan are the sum of the costs of all its actions. A plan is called optimal if
it has the lowest possible costs. If there is no plan to a given problem then the problem is

unsolvable.

2.2 Heuristics

Finding a plan can require huge amounts of time and memory, so it is desirable to avoid
searching through the whole state space. Programs that are specified on solving problems
are called planners. Many popular planners are based on heuristic search. When such a
planner moves through the state space, it would like to know how far away a state is from
a goal state. Since finding the exact distance would require to know the whole state space,
a heuristic function is used to approximate the distance. Heuristics try to approximate the

real distance as well as possible while still being fast and cheap in their execution. There are
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domain specific heuristics which use knowledge about a certain kind of problems and domain
independent heuristics which try to be good at all kinds of problems without knowing what
the problem is about.

In this bachelor’s thesis we use several domain independent admissible heuristics. Heuris-
tics are admissible if they never overestimate the distance to a goal state. In particular, if an
admissible heuristic says that the distance for a given state is infinite, then the real distance
must be infinite as well, which means that the goal is unreachable from this state. Using

this property, a planner can safely cut off parts of the state space and make it smaller.

2.3 Sokoban

Sokoban is a puzzle game created by Hiroyuki Imabayashi in 1981. It was published in
Japan in 1982 by the software house Tinkering Rabbit.?> 3 In Sokoban, the player takes the
role of a warehouse keeper (Japanese: sokoban) and has to push boxes (in some versions
called stones) onto goal fields in order to win. The player can only move vertically and
horizontally and only push one box at a time. In particular, the player cannot pull boxes.

An example of a Sokoban instance is given in figure 2.1.

o] |
BN
| [ | | B |
| o] P4 | |

Figure 2.1: Example of a solvable Sokoban instance.
P = Player, G = Goal

A Sokoban field is surrounded by walls and usually has some walls in the field as well.
The player can walk over empty fields and goal fields but not over walls or boxes. The
player can freely decide which boxes to push on which goal fields and in which order to
move them. As the player, boxes can only be moved over empty fields and goal fields but
not over walls or other boxes. This also means that boxes can still be moved after they reach
a goal field. Since boxes cannot be pulled, the player has to be careful not to push them
into dead ends by moving them into corners, against walls or into certain constellations with
other boxes. Sokoban instances for human players are created with the goal in mind to make

them tricky. This means that there are usually only few ways to solve them and many other

2 http://en.wikipedia.org/wiki/Sokoban
3 http://www.sokoban.jp/
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possible moves that lead to situations where a box gets stuck and the player cannot finish
the instance anymore.

Sokoban is an interesting domain for artificial intelligence and planning because it has
a high complexity and is yet easy to understand and to imagine for humans because it is
close to the real world problem of moving boxes in a warehouse, which could also be done

by a robot.

2.4 NoMystery

NoMystery is a transportation domain. The version we were using in our experiments
was introduced in the International Planning Competition (IPC) 2011. It is the undisguised
version of the Mystery domain created by Drew McDermott and introduced in the ICP
1998.4 Mystery and NoMystery are essentially the same domain but with different names
for actions and variables in order to disguise the true nature of the domain. Since our
planner is domain independent, it is more convenient for us to use the NoMystery domain.

The domain is presented as a planar graph with multiple nodes which represent locations.
There can also be vehicles and packages at these locations. The goal of a NoMystery problem
is to move all packages to their respective goal location. Each vehicle has a capacity and can
load packages up to its capacity limit if vehicle and package are on the same location. If two
locations are connected, vehicles can move in both directions, but a vehicle can only leave
a location if there is enough fuel on this location. Each time a vehicle leaves a location,
the amount of fuel on this location is decreased by one unit. An example of a NoMystery

instance is given in figure 2.2.

Capacity: 2

Figure 2.2: Example of a solvable NoMystery instance.
Circles are locations, squares are packages, letters on packages are destinations. For
example, two packages must be transported from A to C and one from A to D.

We added NoMystery to our experiments because unlike Sokoban it is a resource con-
strained problem. We wanted to test whether heuristics perform differently on unsolvable

problems of different domains.

4 ftp://ftp.cs.yale.edu/pub/mcdermott/aipscomp-results.html
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Generating Unsolvable Problems

The first two parts of this chapter explain the different properties of unsolvable problem
instances for Sokoban and NoMystery and provide some examples. The third part explains

how our problem generator creates unsolvable instances from a more technical side.

3.1 Unsolvable Sokoban Problems

When we started constructing different unsolvable instances for Sokoban, which we called
modes, we noticed that some instances share crucial similarities in the way how unsolvability
is achieved. We decided to put similar modes into groups. Overall we came up with 12
different modes, which are split into 4 groups. The constellation of boxes, goals, walls and
free fields which makes a problem instance unsolvable, is called unsolvability pattern. 10 out
of 12 modes have such patterns. The images in the detailed explanations below show all of
them. In our case, the unsolvability pattern is always placed in the lower right corner of the
Sokoban field, while the player is always placed at the opposite side, in the top left corner.
The free space outside of the pattern may be filled randomly with boxes and goal fields, to
increase the difficulty. We refrain from placing any random walls because it is important to
make sure that the random placement is never cause of additional unsolvability, as it would
distort the measurements. The easiest way to assure that randomly placed boxes are never
cause of unsolvability is to never place two boxes in the 8-neighborhood of each other or at
the borders of the field. Note that all patterns should include enough empty fields around
their wall fields and boxes in order to keep all properties of the pattern. Otherwise, certain
moves directly around the pattern might become unavailable on very small fields. This
would make the pattern easier than intended and incomparable to larger field sizes. Those
empty fields also ensure that randomly placed boxes are not too close to the pattern’s walls
and boxes and therefore cannot cause unwanted unsolvability. Goal fields can theoretically
be placed anywhere outside of the pattern but we refrain from placing them below boxes
or the player in order to have an easier visual representation of the generated instance in
ASCII art.

All examples for the first two groups have one additional random box and goal because

these problems need at least two boxes to show their different properties, while their patterns
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have only one box. Examples for the last two groups have no random boxes or goals as they

are not necessary.

Group 'one box cannot reach any goal’ — modes 0 and 1
These are very simple unsolvabilities where one of the boxes can never reach any of the

goals.

Mode 0
One box is placed at the upper border of the Sokoban field without a goal field there.

Since we cannot pull it away from the wall, it can never reach any of the goal fields. (There

is no unsolvability pattern to show.)

Mode 1

One box is isolated by walls together with one goal, so the player cannot reach it. An

example for mode 1 is given in figure 3.1.

CHENER
HEEN

H B R
HENR WX
8l = [G]

Figure 3.1: Mode 1 example - field size 6 x 5, one random box/goal

P = Player, G = Goal, darker colored box and goal are the random ones

Group 'one goal cannot be reached’ — modes 2, 3, 4, 5 and 6

This group of unsolvability makes it impossible to have all boxes on goal fields at the
same time because one goal field is either missing or unreachable. In contrast to the previous
group ’one box cannot reach any goal’ it is possible to have each box on a goal field at some

point (as long as it is more than one box) but not all at the same time.

Mode 2

There is one goal field less than there are boxes. (There is no unsolvability pattern to

show.)

Mode 3

One goal field is isolated by walls. An example for mode 3 is given in figure 3.2.
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Figure 3.2: Mode 3 example - field size 6 x 5, one random box/goal

P = Player, G = Goal, darker colored box and goal are the random ones

Mode 4
Boxes cannot be pushed onto one of the goal fields because it is almost completely
enclosed by walls. There is only a narrow way for the player to reach it. An example for

mode 4 is given in figure 3.3.

Figure 3.3: Mode 4 example - field size 5 x 5, one random box/goal

P = Player, G = Goal, darker colored box and goal are the random ones

Mode 5

Boxes cannot be pushed onto one of the goal fields, but contrary to mode 4, the number

of walls around it is kept at the minimum. An example for mode 5 is given in figure 3.4.

Figure 3.4: Mode 5 example - field size 7 x 7, one random box/goal

P = Player, G = Goal, darker colored box and goal are the random ones

Mode 6
Similar to mode 5, but the condition for pushing a box onto the unreachable goal field is
satisfied. The player could theoretically stand behind the box to push it but cannot reach

that position once the box is in place. An example for mode 6 is given in figure 3.5.
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Figure 3.5: Mode 6 example - field size 8 x 8, one random box/goal
P = Player, G = Goal, darker colored box and goal are the random ones

Group 'two boxes block each other’ — modes 7, 8 and 9

This group of unsolvability involves two boxes that block each other from reaching a
goal. The player would have to move one of the boxes into a dead-end position, where it
can never reach any goal again, to be able to move the other box to a goal. So it is possible
for each box to get to a goal field but not for all boxes at the same time. Problems of this
group are similar to problems of the first group ’one box cannot reach any goal’, with the
difference that it is not clear from the start which box turns into that one box that cannot

reach any goal.

Mode 7

In order to move a box to a goal, the player would have to push one of the boxes into a
gap in the wall, where it cannot be pulled out anymore. An example for mode 7 is given in
figure 3.6.

Figure 3.6: Mode 7 example - field size 5 x 5, no random boxes/goals
P = Player, G = Goal

Mode 8

Very similar to mode 7 but with fewer possible moves because the right box is placed at
the right border and can only be moved along the wall. An example for mode 8 is given in
figure 3.7.
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Figure 3.7: Mode 8 example - field size 5 x 5, no random boxes/goals
P = Player, G = Goal

Mode 9

In contrast to modes 7 and 8, in mode 9 the player can still move the boxes along the wall
after having pushed them into a dead end. Additionally, both boxes in the pattern have two
possibilities to be pushed into a dead end, to the upper or the lower wall. The unsolvability
pattern of mode 9 is also a good example for a pattern that would become significantly
easier if the horizontal field size is not large enough. If the pattern does not at least contain
two rows of empty fields on its left side, the boxes inside the pattern cannot leave it and
random boxes cannot get inside through the entrance. This would divide the problem into

smaller independent subproblems. An example for mode 9 is given in figure 3.8.

Figure 3.8: Mode 9 example - field size 11 x 6, no random boxes/goals
P = Player, G = Goal

Group 'goal blocks player’ — modes 10 and 11

This group of unsolvability involves at least two goal fields that block the player’s path
once they have a box on them, making it impossible to finish the remaining goals. In contrast
to the previous groups, this time the player gets into some kind of dead end instead of a

box.

Mode 10
The structure of this pattern can be seen as two ’chambers’. The boxes are like doors,
which can only be closed from inside the chamber. Once one of these boxes is on its goal

position, the player cannot reach the other one. An example for mode 10 is given in figure 3.9.
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Figure 3.9: Mode 10 example - field size 10 x 9, no random boxes/goals
P = Player, G = Goal

Mode 11

This pattern has four goals and one 'chamber’ with two exits. Each exit must be ap-
proached from both sides to push the boxes on the goal fields. The player can only occupy
up to three out of four goal fields with boxes, then both paths are blocked and the player is

stuck either inside or outside the 'chamber’. An example for mode 11 is given in figure 3.10.

Figure 3.10: Mode 11 example - field size 10 x 7, no random boxes/goals
P = Player, G = Goal

3.2 Unsolvable NoMystery Problems

Compared with Sokoban, NoMystery does not have any groups, modes or patterns. The
general structure of our NoMystery problems is simple. An instance is represented by two
subgraphs where the nodes are locations. One of the subgraphs is solvable, whereas the
other one is unsolvable. Each subgraph has one vehicle, at least two nodes and zero or
more packages. The solvable subgraph is always a clique, which means that all its nodes are
interconnected. The starting positions and destinations of its packages are chosen randomly,
and it is ensured that there is enough fuel on all nodes. Start and destination are never the
same location. The unsolvable subgraph can either be a clique or a star, where the node
with the vehicle is connected to each other node of the subgraph. In both cases all packages
are placed on the node with the vehicle. Their destinations are distributed equally across
the other nodes of the subgraph. To create unsolvability in the unsolvable subgraph, there is

one unit fuel less on the node with the vehicle than there are packages. Both vehicles have a
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capacity of one and leaving a node always costs one unit fuel, so the last package can never
be delivered. All other nodes in the unsolvable subgraph have enough fuel. Additionally,
the problem can be made potentially harder by connecting the two subgraphs with a single
connection between the two nodes that have the vehicles on them, making it one large graph.

An example is given in figure 3.11.

Capacity: 1 Capacity: 1

Figure 3.11: Example for two NoMystery instances with 4 locations and 6 packages in each
subgraph. The left subgraphs are unsolvable, the right subgraphs are solvable. The upper
graph shows the problem without connection between the two subgraphs and with the
unsolvable subgraph as star. The lower graph shows the problem with a connection
between the two subgraphs and with the unsolvable subgraph as clique.

The idea for this subgraph-structure stems from the paper Fast Detection of Unsolvable
Planning Instances Using Local Consistency from Backstrom at al. (2013) [2] where they
used a similar problem domain called Trucks. We adopted their structure, adjusted it to
NoMystery and enhanced it as described above. In contrast to Sokoban, there is only one
group of non-trivial unsolvability in NoMystery, which is lack of fuel. Trivial unsolvabilities
like having no vehicle or separating a package or destination node completely from the
graph are not interesting to us. They would likely be solved by our solver’s pre-processing
step, as we found out during our experiments on Sokoban problems from the first group
‘one box cannot reach any goal’, which have such a trivial structure. The decision to set
the vehicle’s capacity to one is not a limitation since higher capacity limits simply result
in less movement and less fuel consumption. Having a capacity of one makes it easier to
implement the generator and define the test cases. Limiting the distances of all packages to

their respective destination to one move is no limitation either.
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3.3 The Problem Generator

Our problem generator is written in Java and uses the strategy pattern [3]. Strategy
pattern means we have a main class (Problemgenerator) and an interface (Problem). All
other classes are specific problems that have to implement the interface Problem. This
way, the program can be enhanced by more domains anytime without touching already
existing code. The user just needs to provide the name of the specific problem class, e.g.
Sokoban, to let the problem generator generate Sokoban problems. Our problem instances
are formulated in the Planning Domain Definition Language (PDDL), but since the output
string is generated by the specific problem classes, other problems could as well use any
other representation. There is also a properties file where the user can specify the output
directory, file name suffixes and file name endings. A call from the command line looks like
this:

java Problemgenerator [(#problems)] (problem-class-name) [(propl)] [(prop2)] |[...]

The user can specify the number of problem instances that should be generated with the
optional argument [(#problems)]. If it is missing, only one instance will be generated.
The other optional arguments [(propl)] [(prop2)] [...] are an indefinitely long list of integer

numbers that can be used by the specific problem implementation as desired.

Generating Sokoban Instances

When calling the problem generator for Sokoban, the user must provide a number for
the mode. The mode is the only mandatory argument. It specifies which unsolvability
pattern will be included into the problem. The mode numbers are the same as introduced
previously in this chapter. Note that only one unsolvability pattern can be included into a
problem. Optionally, the user can provide two more numbers for the field size (horizontally
and vertically) and a forth number for the amount of boxes, which includes the boxes in the
pattern. Default values will be used if these properties are not specified. If not all boxes
and goal fields are used up by the pattern, the remaining boxes and goals are distributed
randomly across the free space, as long as there is enough space for them. The size of the
field will be automatically set to a minimum if the specified size is too small. The minimum
field size depends on the selected mode and is always large enough to have free space for
at least one random box and goal. Note that a mode will always place its fixed boxes and

goals from the pattern, even if the specified number is smaller.

Generating NoMystery Instances

When calling the problem generator for NoMystery, the user can provide the number of
nodes and packages for each subgraph, decide whether the unsolvable subgraph should be
a clique or a star and whether the two subgraphs should be connected. These arguments
are all optional and default values will be used if they are not specified. While setting the
number of packages to zero is allowed in both subgraphs, the user cannot set the number of

nodes in a subgraph below two.



Experimental Results

The experiments were run with the planner Fast Downward [1] and the program lab® to
define jobs (experiment setups as python scripts). To ensure comparable results, we used
the computer cluster of the University of Basel, which has Intel Xeon E5-2660 CPUs running
at 2.2 GHz.

We used different heuristics for the experiments to see how they compare with each

other. Those heuristics were
1. the blind heuristic (or blind search) to have a baseline

2. the maximum heuristic (h™#*) [4], which is for our purpose of identifying unsolvability
identical to additive, FF [5] and LM-cut [6] heuristics, which are all based on delete

relaxation
3. the Pattern Database heuristic (PDB) [7]
4. the Incremental Pattern Database heuristic (iPDB) [8]
5. the Merge-and-Shrink heuristic (M&S) [9][10][11]

6. the h? (or generally h™) [12] heuristic, where the implementation in Fast Downward

is very slow at the time of this thesis. We still took it in to see how it fares.

All heuristics were run in eager greedy search with their respective default settings, except
M&:S, where we changed the settings® due to the fact that its computation of an abstraction
consumed too much memory, even on small problems, while a smaller abstraction would

already be enough to prove unsolvability.

41 Sokoban

In this section, we discuss our results for Sokoban. The first part explains how we decided
on suitable parameters for the instances, the second part shows and explains the results of

our experiments for the different Sokoban modes in detail.

5 http://lab.readthedocs.org/en/latest/
6 merge_strategy = merge_dfp, shrink_strategy = shrink_bisimulation(max_states = 50000)
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4.1.1 Parameter Finding

To get useful experimental results on Sokoban, we first needed to find a suitable complex-
ity for the test instances. Complexity in our case means the size of the field and the amount
of boxes. The unsolvability patterns contribute to the complexity as well by adding boxes,
walls and structures, so every mode has to be tuned separately. A suitable complexity is one
that is not too hard, so that preferably all heuristics detect the unsolvability at some point,
but also not too easy, so that there is enough space to see the differences between them.
For example, if it is too easy and half of the heuristics finish in 0.1 seconds, we cannot tell
which one is faster.

To actually find a suitable complexity, we simply tried around. The configurations used
in the experiments that we describe here were found during those calibration runs. Addi-
tionally, it turned out that group ’one box cannot reach any goal’ problems were already
solved by Fast Downward’s pre-processing step, which discovered the problem to be unsolv-
able independent of field size or number of boxes. Thus we omitted group 'one box cannot

reach any goal’ from further experiments and considered it being too trivial.

41.2 Results

For convenience reasons, we will from now on refer to ”proving unsolvability” by using
the term solve, since proving unsolvability is actually the solution to an unsolvable problem.

The memory limit was set to 3072 MB and the time limit to 30 minutes for all following
experiments. We made 50 instances of each mode in two different complexities - so in the
end 100 of each mode.

Note that only heuristics that were able to solve all 50 instances are shown in the bar

charts below.

Group ’'one goal cannot be reached’

For modes 2, 3 and 4, we created instances with field sizes 6 x 6 and 8 x 8, each with
3 boxes. For modes 5 and 6, we created instances with field size 8 x 8 with 2 and with 3
boxes.

The general trend within group ’one goal cannot be reached’ problems is that the more
fields are taken away by the pattern, the easier the problem becomes, since there is less
space to move. Wall tiles in the middle of the Sokoban field also have more impact than

wall tiles at the borders, as they influence more free fields around them.

Heuristics comparison Figure 4.1 gives an overview over the results for mode 2 and is
representative for modes 3, 4, 5 and 6, which have very similar results.

Generally, group ’one goal cannot be reached’ problems are solved very fast by iPDB
and PDB in both complexities. h™?#* is rather slow and becomes even slower with increasing
complexity. All three of them need a lot more memory with increasing complexity. M&S
is more efficient with harder problems and scales well with increasing complexity, but still
needs longer than the other heuristics and takes a lot of memory. Thanks to its good

scalability, it is at least faster than h™2* on the higher complexity versions. Blind search
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Figure 4.1: Group ’one goal cannot be reached’, Mode 2 - average expansions (left) and
average total time in seconds (right) over 50 instances each. The two top charts represent
instances of field size 6 x 6, the two bottom charts of field size 8 x 8. All of them have 3
boxes.

needs a lot of memory and more expansions than the other heuristics but is still fast. The
results for modes 5 and 6, where not the size but the amount of boxes changed, show a
bigger jump in expansions and time consumption, except for M&S, which scales very well
again. iPDB and h™#* have a very similar amount of expansions on all group 'one goal
cannot be reached’ problems. M&S and PDB even have an identical amount of expansions
on all higher complexity problems and a very similar one on the lower complexity of modes
2 and 3, but M&S has more expansions on the lower complexity of modes 4, 5 and 6. h?
could solve all lower complexity problems of mode 5 and 6 and two of mode 3. Since the
implementation is slow, it cannot compete with the others in terms of time, but once it has
calculated the heuristic, it recognizes the unsolvability instantly (0 expansions). That seems
to be a general property of h? on the Sokoban domain as it holds true for every instance in

every group it has solved in our experiments.

Group ’two boxes block each other’
For modes 7 and 8, we created instances with field sizes 6 x 6 and 8 x 8, each with 4
boxes. For mode 9, we created instances with field sizes 11 x 6 and 11 x 8, each with 4 boxes.
Even though modes 7 and 8 are generally very similar, mode 7 has a larger search space
because it has more possible actions. This has mainly to do with the fact that one of the
boxes in mode 8 cannot be pushed away from the wall, reducing its movement dramatically.
Mode 9 has a larger search space than modes 7 and 8 because the instance is larger and the

box that has to be pushed to a wall can still be moved along the wall.
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Heuristics comparison Figure 4.2 gives an overview over the results for mode 8 and is
representative for mode 7 with the differences mentioned further below. Figure 4.3 gives
an overview for the lower complexity version of mode 9 only, since the higher complexity
version could not be solved by most heuristics.
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Figure 4.2: Group ’two boxes block each other’, Mode 8 - average expansions (left) and
average total time in seconds (right) over 50 instances each. The two top charts represent
instances of field size 6 x 6, the two bottom charts of field size 8 x 8. All of them have 4

boxes.
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Figure 4.3: Group ’two boxes block each other’, Mode 9 - average expansions (left) and
average total time in seconds (right) over 50 instances each. The charts represent the lower
complexity version of field size 6 x 6 with 4 boxes.

Generally, h™?* shows the best performance on group ’two boxes block each other’ prob-
lems. It needs the fewest expansions, very little time and it scales a lot better than on group
‘one goal cannot be reached’. M&S scales worse than it did on group ’one goal cannot be
reached’ problems but still better than all other heuristics. iPDB’s results are very incon-

sistent, with some instances being solved in record time. Interestingly, the other heuristics
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do not show any sign of those quickly solved instances being easy. Actually some of them
even seem to be harder. iPDB is also fast on the other instances, making it the fastest
heuristic for modes 7 and 8. Even though mode 8 has a smaller search space than mode 7,
both modes take a similar amount of time on comparable sizes for most heuristics except
blind search and iPDB, which behave as expected, take longer and have more expansions
on mode 7. Another difference between mode 7 and 8 is the performance of M&S and PDB.
While they both need the same amount of expansions on both complexities of mode 7, PDB
needs up to 10 times more expansions on the lower complexity of mode 8 but again exactly
the same amount on its higher complexity.

For mode 9, the heuristics show a completely different behavior. It is extremely easily
solved by h™#* which is very fast on both sizes. iPDB, PDB and M&S need much more
resources so that they are even unable to solve the higher complexity problems. Blind
search cannot solve any of the mode 9 problems due to its memory consumption. On lower
complexity, h™®* manages to spot the unsolvability with up to 3500 times fewer expansions
than PDB and M&S, which is quite remarkable (it was only up to 4 times less on modes
7 and 8). In the average, iPDB is clearly faster than PDB and M&S but its results are
again extremely inconsistent, in some cases it is even slightly slower than of PDB. Again,
we observe that M&S and PDB need the same amount of expansions. h? can solve 80% of
the mode 9 higher complexity instances, which further confirms that this kind of problem

is very easy for delete relaxation heuristics and hard for abstraction based ones.

Group ‘goal blocks player’

For mode 10, we created instances with field size 10 x 9 with 3 and 4 boxes. For mode
11, we created instances with a field size of 10 x 7 with 5 boxes. Additionally, we created 2
instances of mode 11 with 4 boxes (thus without random boxes/goals) with field sizes 10 x 7
and 10 x 8.

Heuristics comparison Figure 4.4 gives an overview over the results for mode 10.
Group ’goal blocks player’ is more similar to the first group 'one goal cannot be reached’
again, but with h™®* time wise closer to iPDB and PDB (which means better) and M&S
being left behind. Even though h™?* is still slower, it needs less expansions than iPDB and
PDB. iPDB is generally the fastest heuristic on problems of this group. For mode 10, M&S
and PDB need the same amount of expansions again. The jump from 3 to 4 boxes in the
different complexities of mode 10 is overall way smaller than the jump from 2 to 3 boxes in
group ’one goal cannot be reached’ problems. The two minimum-sized instances of mode
11 behave similarly to mode 10 and are both solved extremely fast by iPDB, but since it
has shown inconsistent results, we cannot give any guarantee on these values. The results
for the mode 11 instances with a random box and goal strongly vary depending on how
close the random box and goal field are to each other. In our experiments, M&S and PDB
were struggling with memory and could only solve half of the problems. Interestingly, h?
managed to solve about 20% of them, even though it could not solve the two minimum-sized

ones. Those it could solve were always instances that PDB could solve as well while M&S
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Figure 4.4: Group ’goal blocks player’, Mode 10 - average expansions (left) and average
total time in seconds (right) over 50 instances each. The two top charts represent instances
with 3 boxes, the two bottom charts with 4 boxes. All of them are of field size 10 x 9.

could not. Those instances were the ones with the random box and goal being placed very
far apart.

The time wise bad performance and good scalability of M&S on all Sokoban problems
might be explained by the overhead which comes from the calculation of the abstraction.
M&S wastes time if it calculates a more complex abstraction than necessary to solve the
problem, especially on smaller instances. Given enough memory, M&S might actually be-

come the fastest heuristic on large Sokoban instances.

4.2 NoMystery

In this section, we discuss our results for NoMystery. The first part explains how we
decided on the suitable parameters for the instances, the second part shows and explains

the results of our experiments in detail.

4.2.1 Parameter Finding

To find a suitable complexity for NoMystery, we basically tried around as we did with
Sokoban. In case of NoMystery, complexity is determined by the number of nodes and
packages as well as by the decision whether the two subgraphs are connected and whether
the unsolvable subgraph is a clique or a star.

The calibration runs showed that instances with only one package in the unsolvable part
were solved by the pre-processor because there was no fuel on the node. Since having no

fuel on a node is equal to having no outgoing connections, this confirms our assumption
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that instances where an important connection is missing are too trivial. Instances without
any packages in the solvable part were not trivial but still much easier than those with one
or more packages, and it would be difficult to compare them with other instances, so we

omitted them from further tests.

4.2.2 Results
As for Sokoban, the memory limit was set to 3072 MB and the time limit to 30 minutes

for all following experiments. Our experiments combine different amounts of nodes and
packages, use connected and unconnected subgraphs and the unsolvable subgraph is either
a clique or a star. The number of nodes ranges from 2 to 4, the number of packages depends
on the difficulty and ranges from 4 to 14 overall, distributed among the two subgraphs in
different ratios.

The results from blind search show that instances with equal number of nodes in both
subgraphs are harder if the packages are distributed equally among both subgraphs and
both subgraphs are cliques. Packages in the unsolvable subgraph have slightly more impact
on the complexity. If the unsolvable subgraph is a star, it is obviously easier and therefore
packages in the solvable subgraph have more impact. If one subgraph is larger than the
other one, packages there have more impact regardless of whether it is a clique or a star.
The results of some example setups are given in figure 4.5 and figure 4.6.

Overall PDB is the worst choice for unsolvable NoMystery problems. If the subgraphs
are connected, PDB always needs the same amount of expansions as blind search and is
slightly slower due to its calculation overhead. If the subgraphs are not connected and have
few packages, PDB might have zero expansions and be very fast. However, with increasing
number of packages, the needed number of expansions and time rise quickly, up to the point
where it performs exactly as bad as with connected subgraphs. The transition where PDB
starts being better than blind search is roughly around 7 packages overall.

With unconnected subgraphs, M&S needs almost always zero expansions and is much
faster than the other heuristics. Only if the unsolvable subgraph becomes larger than two
nodes and has enough packages, M&S needs more than zero expansions and becomes much
slower. However, even on those instances, M&S still performs very well compared to the
other heuristics. With connected subgraphs, M&S always needs more than zero expansions
except for instances with very few packages. It is still one of the best heuristics, but similar
to the cases with unconnected subgraphs, it becomes worse with larger unsolvable subgraphs.

iPDB is efficient in all situations except for very easy instances, where it might need
one or two seconds to solve the problem, while others are ready almost instantly. It scales
very well and is often the best heuristic when there are many packages. Thanks to its good
scalability, iPDB performs especially well on connected subgraphs and is even better if the
unsolvable subgraph is a clique and the solvable subgraph has many packages. On this kind
of instances, it is the fastest heuristic and needs the fewest expansions.

h™a* performs badly with unconnected subgraphs. It needs fewer expansions than blind
search but is up to twice as slow. With connected subgraphs, it is slightly faster than blind
search and needs much fewer expansions, but it is still worse than iPDB in both aspects.
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Figure 4.5: Result of NoMystery problems with 3 nodes in both subgraphs. The subgraphs
are not connected with each other and are both cliques. In each table, the number in the
upper row represents the number of packages in the solvable subgraph, while the number
in the left column represents the number of packages in the unsolvable subgraph. In each
entry, the upper value is the average total time in seconds and the lower value the average

amount of expansions. Both are rounded over 20 instances.

Only on easy instances with connected subgraphs and few packages in the unsolvable part,
h™?* manages to be faster than all others. It is also better than M&S in terms of speed
and expansions if the subgraphs are connected and there are more packages in the solvable
subgraph.

The slow implementation of h? only manages to solve very easy instances. There is only
one kind of instances in our experiments where h? can keep up with the other heuristics
in terms of time and needs zero expansions, and those are instances with 3 nodes in each
subgraph and 2 packages in the unsolvable subgraph, which additionally must be a star. If
these subgraphs are connected, it is slightly slower but still very fast.

Unfortunately, we cannot compare our results with those in the paper from Béackstrom at
al., who originally came up with the idea for this subgraph-structure. The instance of Trucks
they used had 2 nodes and packages in the unsolvable subgraph and 8 nodes and packages
in the solvable subgraph, which was too large for most heuristics in their experiments. Only
their own method as well as h? and h? were able to solve that instance. Interestingly, the
implementation of h? they used finished in under a second. We had similar instances in
our experiments with fewer nodes in the solvable subgraph but our h? did not finish in the
given time limit of 30 minutes. The slow implementation aside, the reason for this might be

the fact that in NoMystery, each move reduces the amount of fuel on a node. Hence, there
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Figure 4.6: Result of NoMystery problems with 3 nodes in both subgraphs. The subgraphs
are connected with each other and are both cliques. In each table, the number in the
upper row represents the number of packages in the solvable subgraph, while the number
in the left column represents the number of packages in the unsolvable subgraph. In each
entry, the upper value is the average total time in seconds and the lower value the average
amount of expansions. Both are rounded over 20 instances.

are many different states with nodes having different amounts of fuel, while the positions of
vehicles and packages are the same. Trucks on the other hand does not have any resources.
The states are defined by the positions of vehicles and packages only. Therefore, the state
space of Trucks is smaller. Also, the structure of Trucks might suit h? better than that of
NoMystery.



Conclusion

In this thesis, we created many unsolvable problem instances for Sokoban and NoMystery.
We investigated how helpful different admissible heuristics are on these instances. The
general lesson is that admissible heuristics can be very helpful in some cases, but can also
be worse than blind search in others. Sometimes it is a trade-off between time and memory
consumption. Some heuristics might be slower than blind search but consume much less
memory. The performance of different heuristics depends on the domain and on some very
specific properties of the problem and its unsolvability.

Our experiments also show that using iPDB is never a bad choice and almost always
better than using blind search in every aspect, at least for Sokoban and NoMystery. h™?a*
can be a very eflicient heuristic for certain Sokoban instances. For NoMystery instances with
unconnected subgraphs on the other hand, M&S is the most efficient heuristic. Nevertheless,
blind search is still a good alternative. Given enough memory, it is often barely slower than

the tested heuristics, especially on small instances.

Proving unsolvability in classical planning has not seen a lot of attention in research and
there are