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Abstract. Learning action models is an important and difficult task for AI planning, since it is both time-consuming and tedious for a human to encode the
action models by hand using a formal language such as PDDL. In this paper,
we present a new algorithm to learn action models from plan traces by transferring useful knowledge from another domain whose action models are already
known. We call this algorithm t-LAMP, (transfer Learning Action Models from
Plan traces) which can learn action models in PDDL language with quantifiers
from plan traces where the intermediate states can contain noise and partial information. We apply Markov Logic Network to enable knowledge transfer, and
show that using the transfer learning framework, the quality of the learned action
models are generally better than the case when not using an existing domain for
transfer.

1 Introduction
Planning systems require action models as input. A typical way to describe action models is to use action languages such as the planning domain description language (PDDL)
[6]. A traditional way of building action models is to ask domain experts to analyze a
planning domain and write a complete action model representation. However, it is very
difficult and time-consuming to build action models in complex real world scenarios
in such a way, even for experts. Thus, researchers have explored ways to reduce the
human efforts of building action models by learning from observed examples or plan
traces. Some researchers have developed methods to learn action models from complete state information before and after an action [1]. Other researchers, such as Yang,
Wu and Jiang [2, 3] have developed an approach known as Action Relation Modeling
System (ARMS) to learn action models in a STRIPS [5] representation using a weighted
maximal satisfiability based approach.
In this paper, we present a novel action-model learning algorithm called t-LAMP,
which stands for transfer Learning Action Models from Plan traces. In this algorithm,
we use the shared common knowledge of one domain to help learn another domain. For
instance, we may have a domain elevator3 where action models are already encoded.
One example action is the action ‘up(?f1,?f2)’ which means the elevator can go up from
?
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a floor ‘f1’ to a floor ‘f2’. This action has a precondition ‘lift-at(?f1)’ and an effect ‘liftat(?f2)’. Now suppose we wish to learn the logical model of an action ‘move(?l1,?2)’
in the briefcase1 domain, which means that the case is moved from location ‘l1’ to
location ‘l2’. In this new domain we have a precondition ‘is-at(?l1)’ and an effect ‘isat(?l2)’. Because of the similarity between the two domains, these two actions share the
common knowledge on the actions that can cause changes in locations. Thus, to learn
one action model, transferring the knowledge from the other action model is likely to
be helpful.

2 Problem Definition and Our Algorithm
A classical planning problem can be represented as P = (Σ, s0 , g), where Σ =
(S, A, γ) is the planning domain, s0 is the initial state, and g is the goal state. In Σ, S is
the set of states, A is the set of actions, γ is the deterministic transition function. A solution to a planning problem is called a plan, an action sequence (a0 , a1 , . . . , an ). Each ai
is an action schema in the form of ’action name(parameters)’ such as ’move(?m - location ?l - location)’. Furthermore, a plan trace is defined as T = (s0 , a0 , . . . , sn , an , g),
where s1 , ..., sn are intermediate state observations allowed to be partial or empty. Our
learning problem can be stated as follows. We are given: (1) a set of plan traces T in
a target domain (that is, the domain from which we wish to learn the action models),
(2) the description of predicates and action schemas in the target domain, and (3) the
completely available action models in a similar source domain. As output, t-LAMP will
output the preconditions and effects of each action schema in our target domain T .
The t-LAMP algorithm can be described shortly in four steps. In our first step,
we will encode the plan traces into propositional formulae, which is rather standard
and interested readers could refer to [9] for technical details. Then in Step 2, we will
generate formulae according to some specific correctness constraints and provide the
generated formulae as the input of the MLN (denoted as M ). In Step 3, we will encode
the action model from our source domain into another MLN, denoted as M ∗ , and then
transfer from knowledge from M ∗ to M . After that we can learn the most likely subset
of candidate formulae in M . In the last step, we will convert the formulae we learn to
the final action models. We will describe Step 2, 3, 4 in detail, where Step 1 is omitted
since readers can check it in [9] as we mentioned.
2.1 [Step 2] Generating candidate formulae
In Step 1, plan traces have been encoded as a set of propositional formulae, each of
which is a conjunction of propositional variables. Thus plan traces can be represented by
a set of propositional variables, whose elements are conjunctions. This set is recorded
in a database called DB.
Next, we will generate candidate formulae for individual actions in the following
steps from F1 to F4. These candidate formulae attempt to ensure the correctness of
action models, that the action models generated are sound. Due to space constraints,
we omit the detailed formulae we will add as constraints into MLN in this paper. Nevertheless, we will describe what characteristics our constraints must satisfy so that the
correctness and soundness of the action models are ensured.

F1: (The effect of an action must hold after the execution of this action.) If a literal p is
an effect of some action a, then an instance of p must hold after a is executed.
F2: (The negative effect of an action must have its corresponding positive counterpart
hold before the execution of this action.) Similar to F1, a literal p’s negation is an
effect of some action a, which means an instance of p is deleted after a is executed,
but it exists before the execution of a.
F3: (The precondition of an action will be the subset of the state before the execution of this action.) A formula f (can be a single literal, or with quantifiers) is a
precondition of a, which means the instance of f holds before a is executed.
F4: (A conditional effects holds only when its condition holds before the action.) A
conditional effect, in PDDL form, like “forall x̄ (when f (x̄) q(x̄))”, is a conditional
effect of some action a, which means for any x̄, if f (x̄) is satisfied then q(x̄) will
be added after a is executed.
By F1-F4, we can generate possible candidate formulae which are used to describe
combinations that are possible for describing preconditions and effects based on the
soundness requirement of individual actions.
2.2 [Step 3] Transfer learning weights of a MLN
Encoding source-domain action models as a MLN M ∗ : In this step, we convert all
source domain action models into formulae F1 to F4 in order to transfer the source
domain knowledge to target domain knowledge. To do this, we convert each action
model to the formulae, and then give them the maximum weights. When these formulas
are put together with the target domain formulae in the next step, they will influence the
learning of action models in the target domain through the mapping function between
the two domains. Note that the mapping function can be learned as well.
Transfer learning M from M ∗ : We find the best way to map M ∗ into M based on
the quality of the mapping. The quality of a mapping is measured by the performance
of M on DB, estimated by a weighted pseudo log-likelihood measure (WPLL) score.It
sums over the log-likelihood of each node given its Markov blanket, weighting it appropriately to ensure that predicates with many literals do not dominate the result. We
do a global mapping to establish a mapping from each predicate in M ∗ to a predicate in
M and then use it to translate the entire M ∗ to a new MLN M̄ . The algorithm is shown
below. Note that we do not need to require each mapping to be complete.
============================================================
Transfer Learning M from M ∗ :
Input: M and M ∗
Output: M , whose weights of formulae are initiated
1. Find a mapping from each predicate in M ∗ to a predicate in M .
2. By the mapping, translate the entire M ∗ to a new MLN M̄ .
3. Learning weights of formulae in M̄ with DB.
4. Compute the WPLL in this iteration with a previous one. If the new WPLL is better, then M̄best = M̄ .
5. If all the possible mappings are done, continue; else do a new mapping and goto 2.
6. Assign the weight of each formula in M̄best to the same formula in M , leaving the

weights of other formulae as zero, and output M .
============================================================
In the first step of the algorithm, a mapping is found by the following process: firstly,
for a predicate p∗ in M ∗ and a predicate p in M , we build a unifier by mapping their
corresponding names and arguments (we require that the number of arguments are the
same in p∗ and p, otherwise, we find next p to be mapped with p∗ ); and then substitute
all the predicates in M by this unifier; for every p∗ and p, we repeat the process of
unifier-building and substitution. Next, by the mapping built in the first step, we translate the formulae of M ∗ to M̄ ’s formulae, whose predicates belong to M . In the third
step, The learning process can refer to [4]. The other steps are straightforward. After M
is outputted, we can finally learn weights of M as presented in [4, 8].
2.3 [Step 4] Generating action models
The optimization of WPLL indicates that when the number of true grounding of fi is
larger, the corresponding weight of fi will be higher. Thus, the final weight of a formula
in the MLN is a confidence measure of that formula. Intuitively speaking, the larger the
weight of a formula is, the more probable that formula will be. However, when generating the final action models from these formulae, we need to determine a threshold,
based on the validation set of plan traces and our evaluation criteria (definition of error
rate) to choose a set of formulae from MLN.

3 Experiments
3.1 Data Set and Evaluation Criteria
We collect plan traces from briefcase and elevator domains . Traces are generated by
generating plans from the given initial and goal states in these planning domains using
the human encoded action models and a planning algorithm, FF planner 4 . These domains have the characteristics we need to evaluate our t-LAMP algorithm: they have
enough similarities and hence we have the intuition that one can borrow knowledge
from the other while learning the action models (as shown in the examples of earlier
sections). The initial and goal states we use in our experiments are from planning competition (IPC-2), which we use for generating plan traces as input.
We define error rates of our learning algorithm as the differences between our
learned action models and the hand-written action models that are considered as the
“ground truth” from IPC-2. If a precondition appears in our learned action models’
preconditions but not in hand-written action models’ preconditions, the error count of
preconditions, denoted by E(pre), increases by one. Similarly, if a precondition appears in hand-written action models’ preconditions but not in our learned action models’ preconditions, E(pre) increases by one. Likewise, error count of effects are denoted by E(ef f ). Furthermore, we denote the total number of all the possible preconditions and effects of action models as T (pre) and T (ef f ), respectively. In our experiments, the error rate of an action model is defined as R(a) = 21 (E(pre)/T (pre) +
4
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Fig. 1. Learning action models in briefcase with or without transferring knowledge from elevator.
The blue (red) curve shows the result with (without) transfer learning.
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Fig. 2. Learning action models in elevator by transferring knowledge from briefcase. The blue
(red) curve shows the result with (without) transfer learning.

E(ef f )/T (ef f )), where we assume the error rates of preconditions and effects are
equally important, and the range of error rate R(a) should be within [0,1].
P Further1
more, the error rate of all the action models A is defined as R(A) = |A|
a∈A R(a),
where |A| is the number of A’s elements.
3.2 Experimental Results
The evaluation results of t-LAMP in two domains are shown in Figure 1 and 2. Figure 1 shows the result of learning the action models in briefcase by transferring the
knowledge from elevator, while Figure 2 shows the result of learning the action models in elevator by transferring the knowledge from briefcase. We have chosen different
thresholds with weights 1.0, 0.5, 0.1 and 0.01 to test the effect of the threshold on the

performance of learning. The results show that generally the threshold can be neither
too large nor too small, but the performance is not very sensitive to the value.
Since our t-LAMP algorithm does not require all intermediate states, we can still
learn useful information from a partial set of intermediate states. In our experiment, we
have chosen the observable percentage of 1/5, 1/4, 1/3, 1/2, 1 where 1/5 of observable
intermediate states means we will keep only one intermediate state to be observable in
every five successive actions. The other percentages 1/4, 1/3, 1/2 and 1 have similar
meanings. Our experiment shows that in most cases, the more states that are observable,
the lower the error rate will be, which is consistent with our intuition. However, there are
some other cases, e.g. when threshold is set to 1.0 and there are only 1/3 of states that
are observable, the error rate is higher than the case when 1/2 of states are observable.
From experiments, we can see that transferring useful knowledge from another domain will help improve our action model learning result. On the other hand, determining
the similarity of two domains is important, which will be given in our future work.

4 Conclusion
In this paper, we have presented a novel approach to learn action models through transfer learning and a set of observed plan traces. Our t-LAMP learning algorithm makes
use of Markov Logic Networks to learn action models by transferring knowledge from
another domain. Our empirical tests in two domains showed that the method is both accurate and effective in learning the action models via knowledge transfer. In the future,
we wish to understand better the conditions under which transfer learning is effective
in learning the action models, and to extend the learning algorithm to more elaborate
action representation languages including resources and functions. We also wish to explore how to make use of other inductive learning algorithms to help us learn better.
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