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principles to the area of mixed-initiative situated interactive instruction, where the human instructor and the robotic
agent collaborate together and engage in a joint conversation
with the purpose of having the robot learn a new task ‘from
scratch’ (with no initial knowledge about the task). This allows the agent to learn while it is performing the task and
ask questions as problems arise. It also allows the instructor
to provide knowledge, corrections, and feedback.
Task learning includes learning how to actually perform
the task – what actions or subtasks the agent needs to execute
to complete the task. One way is to represent the goal of a
task, then use a state-based policy, which is a mapping from
each state to the appropriate action, to reach the goal. This
policy can be learned, such as through reinforcement learning, or the agent can use planning capabilities to identify
the next action the agent should take. Mohan et al. (2014)
use this formulation along with Explanation-Based Learning (EBL; DeJong and Mooney 1986) to learn goal-oriented
hierarchical tasks. This EBL approach relies on the insight
that “it is possible to form a justiﬁed generalization of a single positive training example, provided the learning system
is endowed with some explanatory capabilities” (Mitchell,
Keller, and Kedar-Cabelli 1986). In order to learn new goaloriented tasks via EBL, the agent must have sufﬁcient domain knowledge so that it can explain why the actions it executed led it to the goal. Some of the beneﬁts of this approach
are that it works over relational representations, which allows the agent to reason over complex task structures and
their connection to language, and it can exploit rich domain
knowledge to learn from relatively few examples (Mohan
and Laird 2014). In addition, this approach can learn diverse
types of task knowledge, including task parameters, availability conditions, subtasks, policy information, termination
conditions, and action models.
Another way of learning to perform a task is to learn
a procedure, which directly represents the steps needed to
accomplish the task. This procedure can include complex
control ﬂow, including loops, conditional, and enumeration
constructs. One such example is the work of Meriçli et al.
(2014), whose agent can learn procedural tasks in an ofﬁce
environment by learning an Instruction Graph. This graph
represents the actions and the control ﬂow between them.
However, without knowing the goal, an agent with only a
procedure has difﬁculty adjusting if something goes wrong,

Abstract
Agents that can learn new tasks through interactive instruction can utilize goal information to search for and
learn ﬂexible policies. This approach can be resilient to
variations in initial conditions or issues that arise during execution. However, if a task is not easily formulated as achieving a goal or if the agent lacks sufﬁcient
domain knowledge for planning, other methods are required. We present a hybrid approach to interactive task
learning that can learn both goal-oriented and procedural tasks, and mixtures of the two, from human natural language instruction. We describe this approach, go
through two examples of learning tasks, and outline the
space of tasks that the system can learn. We show that
our approach can learn a variety of goal-oriented and
procedural tasks from a single example and is robust to
different amounts of domain knowledge.

Introduction
As robotic and AI technologies advance, interactive autonomous agents are becoming ever more prevalent in our
everyday lives. We can assign tasks to these agents, whether
it’s setting an alarm on a phone, answering a question, or
driving a car. As these agents become more capable and
general-purpose, it will be impossible to fully anticipate and
implement every possible task in advance. It will be crucial to extend, customize, and correct the tasks that an agent
can perform in easy and natural ways. This is the goal of
research in the recently identiﬁed AI challenge problem of
Interactive Task Learning (ITL; Laird et al. 2017). Research
in ITL covers a range of domains (such as robots and artiﬁcial personal assistants) and forms of interaction (such as
speech, language, demonstrations, or kinesthetic training).
Laird et al. (2017) identify a set of desired characteristics
of Interactive Task Learning. It should be general, so that
the agent can learn a diverse set of tasks that involve diverse
concepts, procedures, and goals. The task learning should be
effective; allowing the agent to learn all aspects of the task
through interaction and generalize what is learned to perform the task in the future. Finally, the learning should be efﬁcient; requiring few examples. We focus on applying these
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unless the instructor speciﬁcally mentioned what to do in
those circumstances. An advantage of procedures is that in
many cases it is straight forward to correct or extend them.
Both of these formulations have their trade-offs, with each
having different types of tasks for which they are most appropriate. A goal-based approach is ﬂexible to changes in
the initial state and can adapt to unexpected conditions and
task variations. In addition, some tasks are easily formulated
by deﬁning a goal. If you want the agent to store the milk in
the fridge, you may not care exactly how it is accomplished.
It can also be more efﬁcient to teach, since the agent might
ﬁnd a way to achieve the goal using its existing knowledge
without needing further instruction. However, in order for
the agent to use planning, it must have sufﬁcient domain
knowledge to internally simulate its actions. A procedurelearning approach need not rely on planning, which may allow it to learn a task in an environment in which it does not
know the world dynamics. It also may be difﬁcult to formulate some tasks as achieving a goal as opposed to following a
sequence of steps. For example, the task of patrolling an ofﬁce building involves driving to several locations (possibly
multiple times), but does not involve achieving a ﬁnal goal
apart from the actions.
We present a hybrid approach to Interactive Task Learning that learns both goal-oriented tasks and procedural tasks,
as well as tasks that have elements of both. We extend the
explanation-based approach of Mohan et al. (2014) by expanding the goal representation to allow for an ordered sequence of steps (including subgoals), and modifying the policy learning to build up a sequence of procedural steps (subgoals) when the explanation fails. This makes the task learning more general, by allowing the agent to learn tasks without a goal or where the agent lacks sufﬁcient domain knowledge to learn a full policy. It is effective in learning all aspects of the task, and it can perform the task in the future after only one training example. It also generalizes to new task
variations with no additional training. In addition, the procedural learning is tightly integrated with the task learning
system – it is not a separate module. This allows the agent
to learn tasks that involve aspects of both, such as a task that
has a goal but the agent does not know how to accomplish it,
or a task where there are different formulations of subtasks
in the same hierarchy. It also improves the instructional efﬁciency, both by allowing the instructor to choose whichever
formulation is easier to instruct for a particular task, and by
eliminating the need for instructions when the agent can internally search to determine the next action.
We begin with a review of related approaches to Interactive Task Learning, then give a brief description of the
agent architecture. Then we review the explanation-based
approach to learning tasks and describe what aspects of the
task are learned and how they are learned. We then describe
our extensions and how procedural tasks are learned. We
provide a qualitative analysis of how these extensions expand the space of learnable tasks, and demonstrate how the
agent learns two different tasks. We describe how the new
approach can compensate for a lack of domain knowledge.
Finally, we conclude with a discussion of the results and
identify shortcomings and future work.

Interactive Task Learning can cover a range of interaction
modalities, domains, and learning approaches. For example,
Learning from Demonstration involves learning a policy for
motor actions from training such as teleoperation or kinesthetic guidance (Argall et al. 2009). These approaches are
usually used for learning motor tasks such as pouring liquid
from a cup, and not larger scale hierarchical tasks.
There is a signiﬁcant body of work on teaching tasks
through instruction. One class of approaches involves learning the task problem space (goals, actions, concepts) and
then using planning. Hinrichs et al. (2014) use language and
sketching to teach games like Tic Tac Toe. Their system converts the input into the Game Description Language (GDL).
Cantrell et al. (2011) have a system that learns the meaning
of a verb used in a command by learning a representation of
its goal, then use a general planner to accomplish the task.
She et al. (2014) describe a system that is not directly given
the goal but instead is given a sequence of actions that accomplish the task. From there, it learns both the goal and the
preconditions, and it uses a planner to carry out the task. All
of these rely on having sufﬁcient models of the low-level actions to enable planning and require some form of the goal.
Other robotic ITL systems involve learning a procedure
to carry out a task. The CoBot service robot (Meriçli et al.
2014) can learn a procedure that includes conditional and
looping structures, to which the instructor can make corrections and changes. Mohseni-Kabir et al. (2015) have a system that learns a hierarchical task network (HTN) from a
single example, and uses heuristics to group tasks and reduce the amount of instruction required. The system developed by Suddrey et al. (2017) also learns a HTN. It learns the
preconditions of a task and can search for a way to satisfy
the preconditions, giving some ﬂexibility. However, without
a direct representation of the goal, these systems are locked
into performing a task a speciﬁc way.
Interactive Task Learning has also been applied to computing domains. For example, PLOW (Allen et al. 2007) can
learn tasks in a web browser, where it can learn a procedure for tasks such as ﬁnding a hotel near a certain address
using a webpage. LIA (Azaria, Krishnamurthy, and Mitchell
2016) can learn various personal assistant type tasks that can
be procedurally executed. These approaches can generalize
certain arguments to apply to similar situations, but do not
actually represent the goal or use planning.
These systems focus on one task formulation or the other.
In this work, we demonstrate a hybrid approach that learns
both formulations, and applies to tasks that mix the two.

Agent Overview
This work builds on previous research on Interactive Task
Learning, realized in an agent named Rosie (Mohan and
Laird 2014), and implemented within the Soar cognitive architecture (Laird 2012). Soar provides a symbolic working
memory, a rule-based procedural memory, a long-term semantic memory, an episodic memory, and interfaces to perception and action, as well as associated learning mechanisms for the long-term memories.
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Discard the soda.
What is the goal?
The goal is that the soda is in the garbage.
What do I do next?
Pick up the soda.
(The agent picks up the soda)
(The agent approaches the garbage)
(The agent puts the soda in the garbage)
I am ready for a new task

package(e1 ) obj(e1 )
grabbed(e1 ) red(e2 )
box(e2 ) obj(e2 )
alice(e3 ) person(e3 )
office(e4 ) loc(e4 )
blue(e5 ) box(e5 )
in(e2 , e4 )
left(e2 , e3 )
near(e5 , e2 )

Figure 2: Dialog for teaching the discard task.
Figure 1: A simulated world for the mobile robot and some
of the corresponding state predicates.

the task until it is missing some knowledge required to make
progress. Its response to the missing knowledge is to do internal reasoning or initiate an interaction with the instructor
to obtain that knowledge. For example, if it is missing the
knowledge to select the next action, it will either do an internal search to determine which action to select, or if that fails,
ask the instructor what it should do. It then interprets the instruction, learns from it, and continues performing the task.
In the following sections, we describe how each of these
aspects of the task is learned in greater detail. Throughout,
we will use the example of teaching the simple task: ‘Discard the soda’, which involves putting a soda can into the
garbage. Example instructions can be seen in Figure 2.

Perception and Actuation
The Rosie agent has been deployed on three platforms, including a tabletop arm, a 4-wheeled mobile robot, and the
Fetch robot with a 7 DOF arm, as well as simulated versions
of those robots. The same task-learning agent can operate
across these domains by relying on a uniform representation
of the world and basic actions. Domain-speciﬁc perceptual
processing and procedural knowledge create and maintain
a stable representation of the agent’s current beliefs about
the world, and implement a set of primitive tasks, such as
pick-up(obj) or go-to(loc).
The agent’s beliefs about the world are represented in
working memory as a set of entities E = {ei } and predicates over those entities P = {pi }, pi = name(e1 , e2 , ...).
Predicates over one entity are called properties, such as
visible(e1 ), red(e2 ), or table(e3 ), and predicates
over two entities are called relations, such as in(e1 , e2 )
or right-of(e3 , e4 ). Entities are categorized as either
objects, persons, or locations. Some example predicates are
shown in Figure 1.
The instructor can interact with the agent using natural
language through a chat interface. When a new sentence is
received, the agent parses and grounds the sentence using
knowledge in Soar based on Embodied Construction Grammar (Lindes and Laird 2017), producing a semantic representation of the sentence, connected to concepts in its working and semantic memories, many of which are grounded in
its perception of the environment. When the agent communicates with the instructor, it produces a message structure
which is converted into English using simple templates.

Task Structure: When the agent receives a task command
with a new name, it creates a new Task Concept Network
(TCN) and extracts the argument structure from the command, replacing references to speciﬁc entities or predicates
with slots, which are placeholders that will be ﬁlled in during
a speciﬁc task execution. For example, with discard, there is
a single argument, an entity (the soda), so the TCN is initialized with the task name and a single entity argument slot.
More complex commands can have multiple arguments, e.g.
‘Deliver the green box to the ofﬁce.’ Refer to Figure 3 for the
full TCN learned for discard.
Goal: Once the agent has a task structure, it attempts to
perform it, but reaches an impasse because it does not know
the goal. It then asks the instructor ‘What is the goal?’ and
the instructor can reply with a statement such as ‘The goal is
that the soda is in the garbage’, which will be interpreted as
a set of one or more predicates: {in(esoda , egarbage )}.
The agent adds a representation of the goal to the TCN,
which includes representations of the goal parameters. Parameters that appear in both the goal and the task command
(esoda ) are explicit parameters and are generalized by being
linked to the same slots in the TCN. Parameters that only
appear in the goal (egarbage and in) are assumed to be deﬁnitional for that goal and are not generalized. They are added
as new slots with implicit values (descriptions of the argument that can be matched against the state).
The agent then constructs a representation of the goal
in working memory using the general version in the TCN.
This goal is connected to speciﬁc entities in the world, either matched through the arguments in the task structure
(for explicit parameters) or through the implicit values for
that slot (for implicit parameters). As a side effect of this

Task Learning
Rosie can learn all aspects of a new task through interactive
instruction: task structure, goals, task decompositions, policy, preconditions, and postconditions. Work by Kirk et al.
(2016) has also shown how the agent can learn new predicates that are used during by a task. The agent learns a general declarative representation of the task knowledge called
the Task Concept Network (TCN) that it stores in its longterm semantic memory. It also learns procedural rules that
apply the learned knowledge to the current situation when
the agent is actually executing the task. The learning is impasse driven, which means that the agent attempts to execute
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type entity
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Goal Structure
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Subtasks
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Figure 3: Task Concept Network for the discard task. Argument slots are shown as squares. Dashed rectangles represent the
root nodes of other concepts in semantic memory. The third subtask for putdown is omitted.
processing, a rule is learned through Soar’s chunking mechanism that in the future will elaborate the goal given the
current task and it incorporates the matching logic in its
conditions. In the case of discard, it learns a rule summarized as [if task=discard(ei ) and garbage(ej )
then goal=in(ei , ej )]. This is a rule that applies to a
discard task even if there is a different (non-soda) argument.

the agent does a retrospective analysis of its experience
and uses its domain knowledge to generate an explanation
of why those subtasks led to the goal being satisﬁed. First,
it retrieves the initial state (state of the world when the
task began) from Soar’s episodic memory, along with the
sequence of subtasks that it executed. It then repeatedly
selects each subtask in order, and simulating the effects of
the subtask on the state until it achieves the goal. Soar’s
chunking mechanism identiﬁes the features of the state
that caused each subtask to succeed, and learns a rule that
prefers the executed subtask in a given state. This EBL
approach ignores irrelevant aspects of the state and learns
a general rule that applies to new and different situations.
For the discard task, it learns a rule that can be summarized
as:
[if task=discard(ei ) and grabbed(ei )
and garbage(ej ) and near(eself , ej ) then
perform putdown(ei , in(ej ))].

Task Decomposition: To actually execute the task, the
agent must decompose it into a sequence of subtasks. Each
subtask is either a previously learned task, or one of the
hand-coded tasks that the agent initially knows how to execute (such as pick-up or go-to). If it has a goal for the
task, it performs an internal search to ﬁnd a solution, which
if successful, determines the next subtask to select. If it cannot identify the next subtask, it asks the instructor ‘What
should I do next?’ and the instructor can respond with the
next subtask (e.g. ‘Pick up the soda.’). Rosie performs that
subtask in its environment, and then uses internal planning
to identify the next two actions, approach(egarbage ) and
put(esoda , egarbage ), thus avoiding further instruction.
The agent learns each subtask to use in the future through
a process that is very similar to learning the goal. First it
stores a general structure of the subtask in the TCN, where
the arguments are connected to slots (see Figure 3). Then,
it matches that general structure against the current state
to construct a proposal of that subtask. Through chunking,
it also learns a rule to propose that subtask during the
parent task that is connected to speciﬁc entities in the
world. This proposal rule includes additional constraints
inherent to the subtask, such as if putting down an object
the object must be grabbed. For the discard task, it would
learn a rule summarized as [if task=discard(ei )
and visible(ei ) and not grabbed(ei ) then
propose pickup(ei )].

Preconditions: The knowledge it learns from the above
methods is sufﬁcient for the agent to perform the task in
the future. However, to truly learn hierarchical tasks, the
agent must be able to use and plan with a learned task.
Thus it must learn the preconditions (when it can perform a task) and postconditions (what the task accomplishes). To learn the preconditions, the agent again retrieves the initial state when the task began, and simulates performing the task using the policy. If it succeeds
in reaching the goal, it learns a rule to propose the task in
a similar manner to learning the policy. The rule will incorporate the features of the state that had to be present
in order for the entire task to succeed. For discard, this
would be: [If object(ei ) and visible(ei ) and
garbage(ej ) then propose discard(ei )].
Postconditions: Rosie does not have sufﬁcient domain
knowledge to model all of the side effects of each subtask.
Thus, when the agent learns how the subtask changes the
world (postconditions), it only includes what the agent intends to accomplish. It uses the learned representation of the
goal as the postconditions, thus the postconditions for discard would be to add in(earg1 , egarbage ) to the state.

Policy: Once the task is successfully completed, the agent
knows which subtasks are used in the parent task, but does
not have a speciﬁc policy for when to do each subtask.
It must learn a policy mapping the current state to the
appropriate subtask Π : S → T . After the task is ﬁnished,
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Figure 4: Task Concept Network for the patrol task with two steps. Argument slots are shown as squares. Dashed rectangles
represent the root nodes of other concepts in semantic memory.

Learning Procedural Tasks

Expanding the Goal Representation
The previous work is only able to represent a single goal
that consists of a set of one or more predicates over entities in the world. For example, the goal of store(emilk )
is in(emilk , ef ridge ) and closed(ef ridge ). We expand the goal representation to include an ordered list of
subgoals. An individual subgoal can be a set of predicates
as before, but now it can also be a reference to a subtask.
This represents the subgoal of performing the subtask, and
allows the agent to represent a procedural task as a series
of procedural subgoals. Consider a very simple patrol task
that consists of going to the copy room and then going to
the main ofﬁce. This would be represented as two subgoals,
one corresponding to the subtask goto(ecopyroom ) and the
second corresponding to the subtask goto(emainof f ice ).
In the Task Concept Network, the subgoals have links to the
appropriate subtask. An example of this new representation
is shown in Figure 4.
This new goal representation requires that the state includes the current subgoal. When the agent starts to execute a subtask, it retrieves the initial subgoal. When the current subgoal is satisﬁed, the agent then retrieves the next
one. When the ﬁnal subgoal is satisﬁed, the agent completes the task. For state-based subgoals, the agent can determine it is satisﬁed by detecting the subgoal in the state. For
procedural-based subgoals, the agent must deliberately mark
the subgoal as being satisﬁed once the corresponding subtask has ﬁnished. The goal elaboration rule that constructs
the current goal connected to the state, is learned in the same
way as before, with the caveat that the rule must not only test
the current state and task, but also the current subgoal.

The above approach is a powerful and ﬂexible way of learning new tasks, since the agent can use its pre-existing knowledge to adapt to different initial conditions or problems that
arise during execution. For example, in the discard task, the
agent expects to see the garbage at the start. If the agent
was later told to do discard when the garbage was not
visible, the approach subtask would fail. It could use its
knowledge of the goal and ability to search for a solution.
Using its knowledge it would identify and perform the additional subtask of find(egarbage ). The explanation-based
approach to learning the policy assumes that there is a welldeﬁned goal and that the agent can predict how the subtasks
will achieve that goal. However, if one of those assumptions
is broken, the agent cannot learn the policy and thus will not
learn how to execute the task in the future.
Some tasks do not have a goal that can be easily expressed
as achieving some external state in the world. For example,
consider a patrol task where the agent is told to drive in a
predetermined route around a building, going from one location to another. When the task is ﬁnished, the state of the
world has not changed. Instead of achieving a new state of
the world, the purpose of patrol is to perform the movement
subtasks in a speciﬁc order – to follow a speciﬁed procedure.
In other tasks, even when there is an explicit goal, the agent
might lack sufﬁcient domain knowledge to know why the
subtasks it executed achieve the goal. For example, it may
not know how a microwave works, but can follow instructions to use one. In this case, the agent should still learn to
repeat the same procedure in the future, as opposed to simply failing to learn anything.
We extend the previous work on goal-based tasks by expanding the goal representations to include an ordered list
of subgoals and once in a subgoal, have the agent execute
a speciﬁc subtask instead of attempt to achieve a set of desired predicates in the world. We also change how the policy
is learned by splitting it into multiple learning episodes and
handling learning failures by adding new procedural subgoals onto the subgoal list. This process is described in detail
in the following sections.

Policy Learning
In the previous iteration of retrospective learning, the agent
tried to learn the entire policy at once. If this failed due to
missing domain knowledge about how a subtask modiﬁed
the state, the agent would not learn anything. We therefore
split the policy learning into individual learning episodes,
where in each episode the agent attempts to learn one piece
of the policy. This process is shown in Algorithm 1. The
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Algorithm 1 Policy Learning

Lead a tour.
What is the goal or ﬁrst subtask?
Go to the main ofﬁce.
(When ﬁnished)What do I do next?
Say ‘This is the main ofﬁce.’
What do I do next?
Go to the copy room.
What do I do next?
Say ‘Here is where you can print papers.’
What do I do next?
You are done

1: procedure learn-policy(task T)
2:
T CN ← retrieve-TCN(T )
3:
[subtaski ] ← retrieve-subtasks(T )
4:
for i = N → 1 do
5:
si ← initial-state(subtaski )
6:
g ← subgoal(si , T )
7:
snext ← simulate(si , subtaski )
8:
plan ← search(snext , g, Π)
9:
if g = ∅ and plan = ∅ then
10:
spre ← preconditions(sti , plan)
11:
Π(spre ) ← subtaski
12:
else
13:
gnew ← create-subgoal(subtaski )
14:
prepend-subgoal(T CN, gnew )

Figure 5: Dialog of teaching the tour task.

Giving a Tour: The ﬁrst task is to lead a tour of the building. For brevity, this involves only two locations, but there
could be many more. The interaction for this task can be
seen in Figure 5. The instructor says ‘Lead a tour.’ This is
the ﬁrst time the agent has seen this task, so it creates a new
TCN with a procedural structure with a single concept argument (for the concept tour). The instructor never gives a
goal, but starts going through a list of tasks. Each time the
agent executes the subtask and then asks what it should do
next. Finally, the instructor says ‘You are done.’ At this point
the agent begins the retrospective policy learning with performing the ﬁnal subtask (Saying ‘Here is where you make
copies’), but without a goal, the agent fails to learn a policy.
The agent creates a new goal with the ﬁrst subgoal of performing the say subtask. It keeps working back until it has
created a list of four ordered subgoals, one for each subtask.
The next time the agent is told to lead a tour, it retrieves
the ﬁrst subgoal and performs the ﬁrst subtask (driving to
the main ofﬁce). Once that is ﬁnished, it marks that subgoal
as satisﬁed and advances to the next one. This occurs until
all the subtasks are ﬁnished. Thus it is able to accomplish
the task without any additional instructions.

agent retrieves the TCN for task T from semantic memory
(line 2) and retrieves the series of subtasks it executes from
episodic memory (line 3). The agent then works backwards.
If it performed N subtasks, it starts with the Nth subtask
(subtaskN ) and goes through each until the ﬁrst. For each
subtask subtaski it retrieves the state of the world at the
beginning of that subtask si and the subgoal at that time g
(lines 5-6). It applies subtask subtaski to state si and then
uses the existing policy Π to search for a plan to achieve the
goal (line 8). If this succeeds, the agent uses the explanation
to determine what was true in the state in order for the subtask and plan to successfully reach the goal (spre , line 10).
This then is added to the policy (line 11). If there was no
goal, or the plan failed, then a new goal is created to perform subtaski and is added to the beginning of the subgoal
list in the TCN (lines 13-14).
In the case of a procedural task of N steps, it creates a
list of N subgoals. In the case where there is a goal but the
agent was unable to explain the entire policy, from the point
at which the agent can generate an explanation, it can learn
a policy, but not before that point. Thus, it then creates a list
of procedural subgoals up to that point, and learns a policy
from there. This means a task can have both procedural and
goal-oriented components.

Deliver: The second example is that of deliver, shown in
Figure 6. The instructor gives the command ‘Deliver the
package to David’ and provides the goal of ‘The goal is that
David is holding the package’. Normally, the agent would
have sufﬁcient domain knowledge to internally plan and
solve the problem without any additional instruction. However, for this example we removed the model for pickup
which adds the predicate grabbed(package). Since
grabbed is a precondition for the give(package,
David) subtask, the search fails and the agent asks what
to do next. The instructor says ‘Pick up the package’, and
the agent does it. From there, the agent uses planning to ﬁnd
the next two steps: find(David) and give(package,
David). Once it gives the package to David, it recognizes
that the goal was achieved, and completes the task.
During the policy learning, the agent ﬁrst tries to learn the
policy for give, and is able to simulate achieving the goal.
Thus it learns the policy rule [if task=deliver(ei ,
ej ) and grabbed(ei ) and visible(ej ) then
do give(ei , ej )]. Similarly, it successfully learns a
policy rule for find as [if task=deliver(ei , ej )
and grabbed(ei ) and not visible(ej ) then

Evaluation
To evaluate our system, we ﬁrst demonstrate the agent learning two different tasks, and describe what the agent learns
and how the agent adapts to variations in the task. We then
give a qualitative analysis of the space of tasks that our system can learn and its limitations.

Task Learning Examples
We now go through two examples of task learning, one
which is a purely procedural task, and the second which
demonstrates how the agent can still learn a task when domain knowledge is missing. These were performed with a
simulated version of the mobile robot in a multi-room ofﬁce
environment, although we can perform them on the physical
robot. This is the same simulated environment as shown in
Figure 1.
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Deliver the package to David.
Please tell me the goal or the ﬁrst action.
The goal is that David is holding the package.
(The search for the next action fails due to missing knowledge)
What should I do next?
Pick up the package.
(Rosie picks up the package)
(Rosie ﬁnds David)
(Rosie gives the package to David)

the (obj) to (person)’ vs ‘Take the (obj) to the (location)’).
Our approach drastically increases the number of tasks that
the agent can learn. Previously, the same restrictions above
still applied, but the agent required that the task had a single
goal that could be described as a set of state predicates, and
that the agent knew sufﬁcient models to explain how that
goal was achieved. Examples of new tasks that were previously not possible include patrolling a route, giving a tour,
making an announcement, and driving in a square.

Figure 6: Dialog of teaching the deliver task without the
model for the pickup subtask.

We present a hybrid approach to Interactive Task Learning that can learn tasks that are formulated as achieving a
goal, and tasks that are formulated as following a procedure.
When the agent has a goal, it uses its rich domain knowledge
to generate plans that will achieve that goal. This is ﬂexible
to variations in the initial state and ways of accomplishing
the task. But if that domain knowledge is incomplete or if
there is not external goal to achieve, a procedure can provide
a different way of accomplishing a task, which is less ﬂexible but requires less knowledge. In addition, since our approach uniﬁes these two formulations, it can learn tasks that
are a blend of the two – where a goal is given but the agent is
unable to generate a complete plan. The deliver example
also shows that with a hybrid approach, the agent can utilize
its planning capabilities even during procedural steps. This
ability to learn either task formulation is a signiﬁcant step
in improving the generality of an ITL agent. It also is effective at learning all the aspects of a task and is able to perform
the task in the future without needing additional instructions.
This approach is also able to learn many tasks after a single
training example, which makes the learning very efﬁcient. In
addition, this explanation-based approach produces general
results that can transfer to new variations in the task. Since
entities are parameterized, learning a task such as deliver
for one object automatically transfers to other objects with
the same affordances. Note that this transfer only happens
within variations of a task, not between different tasks.
There is also a beneﬁt in having an approach that can
learn diverse task formulations, which distinguishes this
work from those that only learn goal-based or procedural
formulations. Indeed, one may be able to learn all the tasks
mentioned using only one or the other. However, we have
shown in the deliver example is that incorporating planning
into a procedure can accommodate simple variations and reduce the number of instructions needed. Alternatively, one
could possibly formulate the tasks like give a tour as achieving a goal and solve using planning (i.e. formulate it as a
goal involving information gathering and communication).
However, the goal would have to include temporal ordering information, and require that the state representation include complex information and communication predicates.
It would also be difﬁcult for a non-expert user to try and
describe such a goal, as opposed to listing the steps.
As discussed in the previous section, there are limitations
of the tasks that the agent can learn. Since we can only learn
tasks that can be decomposed into a series of singular subtasks, any task our agent can learn could also be solved by
a number of traditional planners. However, our approach is

Discussion

do find(ej )]. However, when it tries to learn a policy
for pickup, it fails because it is missing the knowledge
that it results in the object being grabbed. Thus it pushes a
new subgoal of performing the pickup action.
Afterwards, the agent is told to deliver a soda to
Bethany. It will attempt the ﬁrst subgoal, which is to
perform pickup. However, suppose there is no soda
in the room, and thus it cannot perform that action. But
just as with other goals, it can try to search for a way
to satisfy that subgoal. It ﬁnds that if it performs the
subtask find(esoda ), the soda will become visible
and the pickup action will succeed. This will also
get incorporated into the policy during the retrospective
learning as the rule if task=deliver(ei , ej ) and
subgoal=pickup(ei ) and not visible(ei )
then do find(ei ). This demonstrates the beneﬁt of
formulating these procedural steps as subgoals and allowing
the system to use planning to handle variations in the task.
Note that it is does all of this without requiring any further
instructions, and generalizes to new variations of deliver
involving different objects and people.

Space of Learnable Tasks
This work has expanded the space of tasks that Rosie can
learn to any task that can be broken down into a series of individual subtasks. In the least general case, Rosie can memorize the task demonstration as a procedure and follow it in
the future. If the agent is provided with a description of the
goal and additional domain knowledge in the form of subtask models, it can learn a more ﬂexible policy, which allows
some variation in the task. Currently, the subtasks must be
singular, meaning they involve speciﬁc entities in the world
and cannot have collections or numbers of entities (such as
all the red blocks or ﬁve drinks). These tasks must be eventually decomposable into the initial set of subtasks that the
agent knows how to do. It cannot learn new primitive motor
tasks; it can only learn compositions of existing motor tasks.
Similarly, the tasks are limited to entities and properties that
the agent knows how to perceive and incorporate into the
state representation. The agent also cannot perform tasks
that involve complex control ﬂow, such as loops, enumerations, or conditional subtasks and cannot learn task variations depending on the arguments. Currently, to teach a variation on a task we would use a different verb (e.g. ‘Deliver
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not directly competing with planning research, in fact, integrating a better planner would improve the overall performance. Our work addresses two key concerns. First, how can
an agent learn a representation of the task through instruction that can then be used during planning, and second, what
if the agent lacks the necessary knowledge for the planner to
succeed?
There are also task formulations that our agent cannot
currently handle. Some examples include preventing something from occurring, maintaining some condition, or maximizing some quantity. It is an area of future research to
see how well these formulations can be accommodated into
the current framework. Ideally we would like to have a uniﬁed approach that can handle all of these. In addition, there
are other approaches which can learn tasks which are more
than sequences. For example, Meriçli et al. (2014) can learn
a procedural Instruction Graph that incorporates additional
control constructs, such as loops and conditionals. We plan
on expanding the goal and task representations further to incorporate those structures, rather than being limited to a sequence, and allowing arguments to be collections of entities.
In addition, our agent cannot learn variations of a task where
the goal or procedure is different depending on the argument
being used (such as storing milk in the fridge verses cereal in
the pantry). This could be addressed by adding conditional
structures.
Finally, the instructor cannot correct or extend a procedure, which would be one way of modifying a task. Our
agent only generalizes when it can create an explanation to
justify it, so this is likely to be correct if the domain knowledge is correct. However, if some important aspect of the
task is not captured in the explanation, then it may learn
an incorrect policy. Another area of future work is to allow the agent to learn new task models. This could allow
it to initially learn a procedure, but then later move on to
a more ﬂexible policy once it has acquired the additional
knowledge. These action models could be obtained through
instruction or learning from experience.
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