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In this document, we first detail the work and data flow of our navigation
agent (see §2). Then in §3, more ablation studies are conducted to fully assess
the effectiveness of our learning protocol. Later, in §4, visual results for some
representative successful and failed cases as well as analyses are presented. Fi-
nally, in §5, we provide more statistics of our exploration module, to give an
in-depth glimpse into our agent.

1 Memory based Late Action-Taking Strategy

As described above, after a round of exploration, the agent goes back to the
starting point at tth navigation step to update the knowledge collected about a
certain direction. However, this ”going back” may result in the repeated visiting
of viewpoints in three manners, 1) the re-visiting of the viewpoints on the way
back to the starting point, 2) the re-visiting of the viewpoints within the rounds
of exploration at tth navigation step. Though each exploration leads to a certain
direction (viewpoint), those directions may interact somewhere in front and the
intersection may be re-visited. 3) the re-visiting of the viewpoints across different
navigation steps, e.g., the viewpoints explored at tth navigation step may be re-
visited at t + 1th navigation step. Those re-visiting will lead to additional TL.

To shrink the trajectory, a novel moving strategy is adopted. We call it “Lazy”
strategy. The core idea of the strategy is that the agent moves only when it is
necessary. Specifically, supposing that the agent finished a round exploration at
viewpoint vt. We store the views of all the visited points and the connectivity
between the points in a memory graph, so the agent can “image” the execution
of his following action without really going back to the starting point. When he
needs to visit a point (assumed as v) that is not stored in the memory graph,
the new point v will be added to the memory graph and the agent will go to v
from vt following the shortest path in the memory graph, then the view of v will
be stored. The agent will not leave v until he needs to visit a new point that is
not stored in the memory graph or he decides to stop the navigation. In such
“Lazy” way, a lot of repeated visitings are saved.
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After making exploration towards a certain direction, if the agent directly
“goes back” the starting position and making next-round exploration/navigation,
it may cause a lot of revisits. To alleviate this, we let the agent store the visited
views during exploration in an outside memory. The agent then follows a late
action-taking strategy, i.e., moving only when it is necessary. With the memory,
the agent can “image” the execution of his following actions without really going
back. When he needs to visit a point that is not stored in the memory, he will go
to that point from his current position directly and the memory will be updated
accordingly. Then agent will stay at there until he needs to visit a new point
that is not met before. See the supplementary for more details.

2 Work and Data Flow

Fig. 1 depicts our work and data flow during tth step navigation. At first, the
exploration module decides where to explore. Supposing k direction is selected,
the agent continues to make exploration decisions and collects surrounding visual
information, until STOP action is selected. Then he returns to tth navigation
point, updates the visual feature of k direction, and prepares for next-round
exploration. If the exploration module make a stop decision, the updated visual
feature is used to make a navigation decision. Otherwise he will select a direction
to make exploration.

3 Diagnostic Experiments of Training Signals

In this section, we make diagnostic experiments to analyze the effectiveness of our
training signals. Our agent is trained with two distinct learning paradigms, i.e.,
(1) imitation learning, and (2) reinforcement learning. Our basic agent [2] has
examined the effectiveness of the reinforcement learning loss Lnv

RL for the whole
network training. Here we design the experiments to evaluate the effectiveness
of the imitation learning loss Lep

IL and the reinforcement learning loss Lep
RL used

during the training of our exploration module. Specifically, we retrain our agent
(at most 4-step exploration) without either Lep

IL or Lep
RL in the final loss.

As shown in Table 1, with either imitation learning or reinforcement learning
signal, our full-model achieves higher SR compared to the basic agent, which is
improved by 1% and 3% on validation unseen set respectively. This shows the
effectiveness of two training signals. Note that the agent with the mixture of
Lep
IL +Lep

RL outperforms the one without Lep
RL or Lep

IL by 5% and 3% on validation
unseen respectively. It means that the mixture signal somewhat overcomes the
relative poor generalizability of IL and difficult convergence of RL.

4 Qualitative Analysis

In this section, we visualize some successful and failed cases of our agent and
further provide in-depth analyses.
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Table 1. Ablation study about training signals on validation seen and validation

unseen sets of R2R dataset [1] under Single Run setting.

Single Run Setting

validation seen validation unseenModel Loss Component

SR↑NE↓TL↓OR↑ SPL↑ SR↑NE↓TL↓OR↑ SPL↑
basic agent Lnv

IL + Lnv
RL 0.62 3.99 11.0 0.71 0.59 0.52 5.22 10.7 0.58 0.48

w/o. Lep
IL 0.65 3.70 18.3 0.76 0.53 0.53 5.15 17.1 0.65 0.39Lnv

IL + Lnv
RL + Lep

RL

w/o. Lep
RL 0.67 3.53 17.6 0.79 0.51 0.55 4.65 18.9 0.68 0.39Lnv

IL + Lnv
RL + Lep

IL

full loss
0.70 3.20 19.7 0.80 0.52 0.58 4.36 20.6 0.70 0.40

full model

Lnv
IL + Lnv

RL + Lep
IL + Lep

RL

w/o. “Lazy” strategy full loss 0.70 3.20 45.3 0.80 0.29 0.58 4.36 44.5 0.70 0.18

4.1 Successful Examples

We show three representative examples, over which the basic agent fails while
our agent succeeds.

For the first case in Fig. 2, the instruction, “Turn toward your left”, is in-
consistent with the initial orientation of the agent. Additionally, the important
landmark, “grey fence”, can be observed from two different directions. These
issues result in the confusion of the basic agent and unluckily lead to failure.
Our agent conducts the active exploration to mitigate the ambiguity of the in-
struction and finally chooses the right route.

The second case is shown in Fig. 3. In this case, the instruction said “Go
up the stairs one level · · · ”, where “one level” has ambiguous definition in the
dataset as the routes are annotated by different workers. The basic agent contin-
ues to climb another staircase and fails finally. After the exploration, our agent
finds that after climbing another staircase, he cannot execute the following in-
structions. Then the agent chooses the right direction.

In Fig. 4, the initial instruction is ambiguous, as the visual context of both di-
rections are consistent with the instruction “· · · past the large table and chairs.”.
Moreover, if considering the mismatch between the instruction “Go straight · · · ”
and the agent’s initial orientation, the wrong direction even looks more consistent
with the instruction. After two rounds of exploration, our agent finds that the
last half routes of the exploration in the right direction is more consistent with
the following instructions, which is more related to the goal viewpoint comparing
to the starting instruction. Then our agent chooses the right direction.

4.2 Failed Examples

In this section, we show a representative failed example, which also demonstrates
possible directions of future efforts.

As shown in Fig. 5, our agent first correctly executes the instruction “Walk
up the flight of stairs to the top.”. At the top of the stairs, our agent is confused
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by the following instruction “Turn and follow the railing into the bedroom area.”.
This because there are three directions to different bedrooms and two of them
have railing along the way. Thus our agent decides to explore the surroundings.

During the first-round exploration, the agent explores the front door and
finds this direction is wrong. Then the probability of this direction is suppressed
(0.3→0.2). Then, the agent selects a new direction and makes a second-round
exploration. Though this direction is correct, the agent does not step into the
correct room and misses the critical landmark, “closet”. Thus the probability
of the correct direction is mistakenly suppressed (0.3→0.1). In the third-round
exploration, the agent explores the door on the right and finds that it is still
inconsistent with the description of the final goal viewpoint. The probability of
the last possible direction is suppressed again (0.4→0.2). Then our agent picks
the most plausible direction, which is of the highest navigation probability, but
fails. We think there are two possible reasons for the failure of the exploration.
First, our exploration module mainly focuses on current navigation action related
instruction, but lacks the ability of dynamically parsing the following instruc-
tions during exploration. Maybe a multi-head co-attention or future navigation
action aware exploration module is needed. Second, current navigation module
may needs to be equipped with a reference grounding ability, thus the essential
reference “closet” will be addressed during exploration.

5 Statistics Analysis

In this section, we provide more statistic analyses about our exploration module.
The statistics are collected from our full agent with 4-step exploration module
on the validation unseen split of R2R dataset [1] .

The overall average exploration rate is 15.3%, i.e., the probabilities of making
exploration during a navigation step is 15.3%. When the agent decides to explore,
the average number of exploration directions is 1.82, the average, pre-direction
exploration steps are 2.05. The average trajectory length (TL) is 20.6, in which
the length of navigation is 9.4, while the length of exploration is 11.2. We can
find that the real navigation routes are very short. For the successful and failed
navigation cases, the average trajectory lengths are 18.7 and 23.2 respectively.
TL of failed cases is longer by 4.5, which possibly means that our agent is
confused in the failed cases and tries to collect more information through making
more explorations.

We also make specific analysis on the effect of exploration by studying how
the exploration influences the navigation action decisions. For the navigation
steps with exploration, the rate that the original navigation action is changed
through exploration is 75.1%, in which the rate that wrong navigation action
is corrected is about 86.5%. That means in most cases our exploration module
could collect meaningful information for supporting navigation-decision making.
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Fig. 1. The chart of work flow and data flow at navigation step t.
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Fig. 2. Case 1. Top: Groundtruth navigation route, basic agent’s navigation route,
and our agent’s exploration and navigation routes. Note that the initial orientation
of the agent is highlighted. The basic agent gets confused with the wrong instruction
“Turn toward your left · · · ”. In addition, there exist different ways to the “grey fence”.
Thus he fails finally. However, our agent can actively explore the surrounding (the
yellow part) and then make more accurate navigation decision. Bottom Left: First
view during exploration of our agent. Bottom Right: First view during navigation of
our agent. We can find that, before making exploration, the wrong direction gains a
high navigation probability (i.e., 0.6). However, after exploration, the probability for
correct direction is improved (i.e., 0.3→0.6). This case is taken from R2R dataset [1],
path 3492, instruction set 2.
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<latexit sha1_base64="UQ/vJpwoucOY9/wpB4F5XyIiFIM=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5BUoW6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbRPzMrNabl2kcdRQAfoEB0jG1VRDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBJBZV1</latexit> pNV=0.2

<latexit sha1_base64="dpM1/dJdtNdT9lG3/hPL2yeNWyU=">AAACAXicbVDLSsNAFJ3UV62vqBvBTWoRXIWkCroRim5cSQX7gCaWyXTaDp08mLkRS4gbf8WNC0Xc+hfu/BsnbRbaeuDC4Zx7ufceL+JMgmV9a4WFxaXlleJqaW19Y3NL395pyjAWhDZIyEPR9rCknAW0AQw4bUeCYt/jtOWNLjO/dU+FZGFwC+OIuj4eBKzPCAYldfW96C5xgD5Act1MU6fslM+dsmVWS129YpnWBMY8sXNSQTnqXf3L6YUk9mkAhGMpO7YVgZtgAYxwmpacWNIIkxEe0I6iAfapdJPJB6lxqJSe0Q+FqgCMifp7IsG+lGPfU50+hqGc9TLxP68TQ//MTVgQxUADMl3Uj7kBoZHFYfSYoAT4WBFMBFO3GmSIBSagQstCsGdfnifNqmkfm9Wbk0rtIo+jiPbRATpCNjpFNXSF6qiBCHpEz+gVvWlP2ov2rn1MWwtaPrOL/kD7/AFBbJVw</latexit>

Navigation: ON      Exploration: OFF

pNV=0.6
<latexit sha1_base64="DKLLYhzLJ/EWOjLt2inpadw5IH8=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5BUUTdC0Y0rqWAf0MQymU7boZMHMzdiCXHjr7hxoYhb/8Kdf+OkzUJbD1w4nHMv997jRZxJsKxvbW5+YXFpubBSXF1b39jUt7YbMowFoXUS8lC0PCwpZwGtAwNOW5Gg2Pc4bXrDy8xv3lMhWRjcwiiiro/7AesxgkFJHX03ukscoA+QXDfS1Ck5pXOnZJknxY5etkxrDGOW2Dkpoxy1jv7ldEMS+zQAwrGUbduKwE2wAEY4TYtOLGmEyRD3aVvRAPtUusn4g9Q4UErX6IVCVQDGWP09kWBfypHvqU4fw0BOe5n4n9eOoXfmJiyIYqABmSzqxdyA0MjiMLpMUAJ8pAgmgqlbDTLAAhNQoWUh2NMvz5JGxbSPzMrNcbl6kcdRQHtoHx0iG52iKrpCNVRHBD2iZ/SK3rQn7UV71z4mrXNaPrOD/kD7/AFHgJV0</latexit>

pNV=0.1
<latexit sha1_base64="ckQYly21YSbjNZbJk/AP85+becA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzdQiuApJFXQjFN24kgr2AU0sk+m0HTp5MHMjlhA3/oobF4q49S/c+TcmbRbaeuDC4Zx7ufceNxRcgWl+a4WFxaXlleJqaW19Y3NL395pqiCSlDVoIALZdoligvusARwEa4eSEc8VrOWOLjO/dc+k4oF/C+OQOR4Z+LzPKYFU6up74V1sA3uA+LqZJHbZLp/bZdOwSl29YhrmBHieWDmpoBz1rv5l9wIaecwHKohSHcsMwYmJBE4FS0p2pFhI6IgMWCelPvGYcuLJBwk+TJUe7gcyLR/wRP09ERNPqbHnpp0egaGa9TLxP68TQf/MibkfRsB8Ol3UjwSGAGdx4B6XjIIYp4RQydNbMR0SSSikoWUhWLMvz5Nm1bCOjerNSaV2kcdRRPvoAB0hC52iGrpCddRAFD2iZ/SK3rQn7UV71z6mrQUtn9lFf6B9/gA/55Vv</latexit>

…
…

Fig. 3. Case 2. Top: Groundtruth navigation route, basic agent’s navigation route, and
our agent’s exploration and navigation routes. Note that the initial orientation of the
agent is highlighted. The basic agent is hard to understand the instruction “Go up the
stairs one level · · · ” and thus continues to climb another staircase. For our agent, after
collecting more information, a correct navigation direction is chose and reaches the
goal successfully. Bottom Left: First view during exploration of our agent. Our agent
explores the upstairs and finds the direction is wrong. Bottom Right: First view
during navigation of our agent. After the exploration, the probability of the correct
direction is improved (i.e., 0.2→0.6). This case is taken from R2R dataset [1], path
3766, instruction set 3.
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Ground-truth Basic agent Our agent

Exploration 1

Navigation
Instruction: Go straight past the large table and 
chairs. Turn left and wait near the lamp.

Navigation: OFF  Exploration: STOP

Navigation: OFF    Exploration: ON

Navigation: OFF   Exploration: ON

Navigation: ON     Exploration: OFF

Navigation: OFF   Exploration: ON

Navigation: ON.    Exploration: OFF
…

Exploration 2

Navigation: OFF  Exploration: ON

Navigation: OFF  Exploration: STOP

…

Navigation: ON.    Exploration: OFF

Navigation: ON     Exploration: OFF

Navigation: STOP Exploration: OFF

pNV=0.3
<latexit sha1_base64="SmsLCFUQP5GDqklfT5fZJjlSgPs=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5C0gm6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbSrZuXmpFy7yOMooAN0iI6RjU5RDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBC8ZVx</latexit>

pNV=0.5
<latexit sha1_base64="RNrZkNnj57BdEsvGH2WAJlRjVa0=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5BURTdC0Y0rqWAf0MQymU7boZMHMzdiCXHjr7hxoYhb/8Kdf+OkzUJbD1w4nHMv997jRZxJsKxvbW5+YXFpubBSXF1b39jUt7YbMowFoXUS8lC0PCwpZwGtAwNOW5Gg2Pc4bXrDy8xv3lMhWRjcwiiiro/7AesxgkFJHX03ukscoA+QXDfS1Ck5pXOnZJknxY5etkxrDGOW2Dkpoxy1jv7ldEMS+zQAwrGUbduKwE2wAEY4TYtOLGmEyRD3aVvRAPtUusn4g9Q4UErX6IVCVQDGWP09kWBfypHvqU4fw0BOe5n4n9eOoXfmJiyIYqABmSzqxdyA0MjiMLpMUAJ8pAgmgqlbDTLAAhNQoWUh2NMvz5JGxbSPzMrNcbl6kcdRQHtoHx0iG52iKrpCNVRHBD2iZ/SK3rQn7UV71z4mrXNaPrOD/kD7/AFF+5Vz</latexit>

pNV=0.4
<latexit sha1_base64="0sExzpKPF9IZyPWepGr1/yVPy1A=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5DUgm6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbRPzMpNtVy7yOMooAN0iI6RjU5RDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBEdpVy</latexit>

pNV=0.4
<latexit sha1_base64="0sExzpKPF9IZyPWepGr1/yVPy1A=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5DUgm6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbRPzMpNtVy7yOMooAN0iI6RjU5RDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBEdpVy</latexit>

pNV=0.2
<latexit sha1_base64="dpM1/dJdtNdT9lG3/hPL2yeNWyU=">AAACAXicbVDLSsNAFJ3UV62vqBvBTWoRXIWkCroRim5cSQX7gCaWyXTaDp08mLkRS4gbf8WNC0Xc+hfu/BsnbRbaeuDC4Zx7ufceL+JMgmV9a4WFxaXlleJqaW19Y3NL395pyjAWhDZIyEPR9rCknAW0AQw4bUeCYt/jtOWNLjO/dU+FZGFwC+OIuj4eBKzPCAYldfW96C5xgD5Act1MU6fslM+dsmVWS129YpnWBMY8sXNSQTnqXf3L6YUk9mkAhGMpO7YVgZtgAYxwmpacWNIIkxEe0I6iAfapdJPJB6lxqJSe0Q+FqgCMifp7IsG+lGPfU50+hqGc9TLxP68TQ//MTVgQxUADMl3Uj7kBoZHFYfSYoAT4WBFMBFO3GmSIBSagQstCsGdfnifNqmkfm9Wbk0rtIo+jiPbRATpCNjpFNXSF6qiBCHpEz+gVvWlP2ov2rn1MWwtaPrOL/kD7/AFBbJVw</latexit>

pNV=0.7
<latexit sha1_base64="UQ/vJpwoucOY9/wpB4F5XyIiFIM=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5BUoW6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbRPzMrNabl2kcdRQAfoEB0jG1VRDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBJBZV1</latexit>

Fig. 4. Case 3. Top: Groundtruth navigation route, basic agent’s navigation route, and
our agent’s exploration and navigation routes. Note that the initial orientation of the
agent is highlighted. The instruction “Go straight past the large table and chairs.· · · ” is
wrong, as the instructor does not take notice of the agent’s initial orientation. Bottom
Left: First view of our agent during two exploration rounds. Bottom Right: First
view during navigation of our agent. We can find that, after first-round exploration,
the probability of the wrong direction is suppressed (i.e., 0.5→0.4). After the second
round of exploration, the probability for correct direction is improved (i.e., 0.4→0.7).
This case is taken from R2R dataset [1], path 4782, instruction set 1.



10 H. Wang, W. Wang, T. Shu, W. Liang, J. Shen

Ground-truth Our agent

Exploration

NavigationInstruction: Walk up the flight of stairs to the top. 
Turn and follow the railing into the bedroom area. 
Walk towards the closet.

…

Navigation: ON      Exploration: OFF

Navigation: OFF  Exploration: STOP

Navigation: OFF  Exploration: ON

Navigation: OFF  Exploration: STOP

Navigation: OFF  Exploration: ON

Navigation: OFF  Exploration: STOP

Navigation: OFF  Exploration: ON

Navigation: OFF    Exploration: ON

Navigation: OFF    Exploration: ON

pNV=0.3
<latexit sha1_base64="SmsLCFUQP5GDqklfT5fZJjlSgPs=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5C0gm6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbSrZuXmpFy7yOMooAN0iI6RjU5RDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBC8ZVx</latexit>

pNV=0.2
<latexit sha1_base64="dpM1/dJdtNdT9lG3/hPL2yeNWyU=">AAACAXicbVDLSsNAFJ3UV62vqBvBTWoRXIWkCroRim5cSQX7gCaWyXTaDp08mLkRS4gbf8WNC0Xc+hfu/BsnbRbaeuDC4Zx7ufceL+JMgmV9a4WFxaXlleJqaW19Y3NL395pyjAWhDZIyEPR9rCknAW0AQw4bUeCYt/jtOWNLjO/dU+FZGFwC+OIuj4eBKzPCAYldfW96C5xgD5Act1MU6fslM+dsmVWS129YpnWBMY8sXNSQTnqXf3L6YUk9mkAhGMpO7YVgZtgAYxwmpacWNIIkxEe0I6iAfapdJPJB6lxqJSe0Q+FqgCMifp7IsG+lGPfU50+hqGc9TLxP68TQ//MTVgQxUADMl3Uj7kBoZHFYfSYoAT4WBFMBFO3GmSIBSagQstCsGdfnifNqmkfm9Wbk0rtIo+jiPbRATpCNjpFNXSF6qiBCHpEz+gVvWlP2ov2rn1MWwtaPrOL/kD7/AFBbJVw</latexit>

pNV=0.3
<latexit sha1_base64="SmsLCFUQP5GDqklfT5fZJjlSgPs=">AAACAXicbVDLSsNAFJ34rPUVdSO4SS2Cq5C0gm6EohtXUsE+oIllMp22QycPZm7EEuLGX3HjQhG3/oU7/8ZJm4W2HrhwOOde7r3HiziTYFnf2sLi0vLKamGtuL6xubWt7+w2ZRgLQhsk5KFoe1hSzgLaAAactiNBse9x2vJGl5nfuqdCsjC4hXFEXR8PAtZnBIOSuvp+dJc4QB8guW6mqVNySudOyTKrxa5etkxrAmOe2Dkpoxz1rv7l9EIS+zQAwrGUHduKwE2wAEY4TYtOLGmEyQgPaEfRAPtUusnkg9Q4UkrP6IdCVQDGRP09kWBfyrHvqU4fw1DOepn4n9eJoX/mJiyIYqABmS7qx9yA0MjiMHpMUAJ8rAgmgqlbDTLEAhNQoWUh2LMvz5NmxbSrZuXmpFy7yOMooAN0iI6RjU5RDV2hOmoggh7RM3pFb9qT9qK9ax/T1gUtn9lDf6B9/gBC8ZVx</latexit>

Navigation: OFF    Exploration: ON

pNV=0.2
<latexit sha1_base64="eSAY75L8e17c0HEbe2b+7FF0LjE=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdQiuApJFXQjFN24kgr2AU0sk+mkHTp5MHMjlpCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv997jJ4IrsO1vY2FxaXlltbBWXN/Y3No2d3YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/qDq5HffGBS8Ti6g2HCvJD0Ih5wSkBLHXM/uc9cYI+Q3TTy3C25pQu3ZFuVjlm2LXsMPE+cKSmjKWod88vtxjQNWQRUEKXajp2AlxEJnAqWF91UsYTQAemxtqYRCZnysvEDOT7SShcHsdQVAR6rvycyEio1DH3dGRLoq1lvJP7ntVMIzr2MR0kKLKKTRUEqMMR4lAbucskoiKEmhEqub8W0TyShoDMr6hCc2ZfnSaNiOSdW5fa0XL2cxlFAB+gQHSMHnaEqukY1VEcU5egZvaI348l4Md6Nj0nrgjGd2UN/YHz+AAVOlVw=</latexit>

pNV=0.1
<latexit sha1_base64="MXUTesN9jLQPQkHbxU+Ix3FaJZU=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdQiuApJFXQjFN24kgr2AU0sk+mkHTp5MHMjlpCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv997jJ4IrsO1vY2FxaXlltbBWXN/Y3No2d3YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/qDq5HffGBS8Ti6g2HCvJD0Ih5wSkBLHXM/uc9cYI+Q3TTy3C25pQu3ZFtOxyzblj0GnifOlJTRFLWO+eV2Y5qGLAIqiFJtx07Ay4gETgXLi26qWELogPRYW9OIhEx52fiBHB9ppYuDWOqKAI/V3xMZCZUahr7uDAn01aw3Ev/z2ikE517GoyQFFtHJoiAVGGI8SgN3uWQUxFATQiXXt2LaJ5JQ0JkVdQjO7MvzpFGxnBOrcntarl5O4yigA3SIjpGDzlAVXaMaqiOKcvSMXtGb8WS8GO/Gx6R1wZjO7KE/MD5/AAPKlVs=</latexit>

pNV=0.4
<latexit sha1_base64="DX3hWksQoIU4uHrkdd79w8+PCFI=">AAACAHicbVDLSsNAFJ3UV62vqAsXblKL4CoktaAboejGlVSwD2himUwn7dDJg5kbsYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57vJgzCZb1rRWWlldW14rrpY3Nre0dfXevJaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3upr47QcqJIvCOxjH1A3wIGQ+IxiU1NMP4vvUAfoI6U0ry5yyU75wypZZ6+kVy7SmMBaJnZMKytHo6V9OPyJJQEMgHEvZta0Y3BQLYITTrOQkksaYjPCAdhUNcUClm04fyIxjpfQNPxKqQjCm6u+JFAdSjgNPdQYYhnLem4j/ed0E/HM3ZWGcAA3JbJGfcAMiY5KG0WeCEuBjRTARTN1qkCEWmIDKrKRCsOdfXiStqmmfmtXbWqV+mcdRRIfoCJ0gG52hOrpGDdREBGXoGb2iN+1Je9HetY9Za0HLZ/bRH2ifPwhWlV4=</latexit>

Navigation: OFF    Exploration: ON

pNV=0.4
<latexit sha1_base64="DX3hWksQoIU4uHrkdd79w8+PCFI=">AAACAHicbVDLSsNAFJ3UV62vqAsXblKL4CoktaAboejGlVSwD2himUwn7dDJg5kbsYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57vJgzCZb1rRWWlldW14rrpY3Nre0dfXevJaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3upr47QcqJIvCOxjH1A3wIGQ+IxiU1NMP4vvUAfoI6U0ry5yyU75wypZZ6+kVy7SmMBaJnZMKytHo6V9OPyJJQEMgHEvZta0Y3BQLYITTrOQkksaYjPCAdhUNcUClm04fyIxjpfQNPxKqQjCm6u+JFAdSjgNPdQYYhnLem4j/ed0E/HM3ZWGcAA3JbJGfcAMiY5KG0WeCEuBjRTARTN1qkCEWmIDKrKRCsOdfXiStqmmfmtXbWqV+mcdRRIfoCJ0gG52hOrpGDdREBGXoGb2iN+1Je9HetY9Za0HLZ/bRH2ifPwhWlV4=</latexit>

pNV=0.2
<latexit sha1_base64="eSAY75L8e17c0HEbe2b+7FF0LjE=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdQiuApJFXQjFN24kgr2AU0sk+mkHTp5MHMjlpCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv997jJ4IrsO1vY2FxaXlltbBWXN/Y3No2d3YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/qDq5HffGBS8Ti6g2HCvJD0Ih5wSkBLHXM/uc9cYI+Q3TTy3C25pQu3ZFuVjlm2LXsMPE+cKSmjKWod88vtxjQNWQRUEKXajp2AlxEJnAqWF91UsYTQAemxtqYRCZnysvEDOT7SShcHsdQVAR6rvycyEio1DH3dGRLoq1lvJP7ntVMIzr2MR0kKLKKTRUEqMMR4lAbucskoiKEmhEqub8W0TyShoDMr6hCc2ZfnSaNiOSdW5fa0XL2cxlFAB+gQHSMHnaEqukY1VEcU5egZvaI348l4Md6Nj0nrgjGd2UN/YHz+AAVOlVw=</latexit>

pNV=0.2
<latexit sha1_base64="eSAY75L8e17c0HEbe2b+7FF0LjE=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdQiuApJFXQjFN24kgr2AU0sk+mkHTp5MHMjlpCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv997jJ4IrsO1vY2FxaXlltbBWXN/Y3No2d3YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/qDq5HffGBS8Ti6g2HCvJD0Ih5wSkBLHXM/uc9cYI+Q3TTy3C25pQu3ZFuVjlm2LXsMPE+cKSmjKWod88vtxjQNWQRUEKXajp2AlxEJnAqWF91UsYTQAemxtqYRCZnysvEDOT7SShcHsdQVAR6rvycyEio1DH3dGRLoq1lvJP7ntVMIzr2MR0kKLKKTRUEqMMR4lAbucskoiKEmhEqub8W0TyShoDMr6hCc2ZfnSaNiOSdW5fa0XL2cxlFAB+gQHSMHnaEqukY1VEcU5egZvaI348l4Md6Nj0nrgjGd2UN/YHz+AAVOlVw=</latexit>

Navigation: STOP  Exploration: OFF

Failed!

Navigation: OFF    Exploration: ON

pNV=0.2
<latexit sha1_base64="eSAY75L8e17c0HEbe2b+7FF0LjE=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdQiuApJFXQjFN24kgr2AU0sk+mkHTp5MHMjlpCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv997jJ4IrsO1vY2FxaXlltbBWXN/Y3No2d3YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/qDq5HffGBS8Ti6g2HCvJD0Ih5wSkBLHXM/uc9cYI+Q3TTy3C25pQu3ZFuVjlm2LXsMPE+cKSmjKWod88vtxjQNWQRUEKXajp2AlxEJnAqWF91UsYTQAemxtqYRCZnysvEDOT7SShcHsdQVAR6rvycyEio1DH3dGRLoq1lvJP7ntVMIzr2MR0kKLKKTRUEqMMR4lAbucskoiKEmhEqub8W0TyShoDMr6hCc2ZfnSaNiOSdW5fa0XL2cxlFAB+gQHSMHnaEqukY1VEcU5egZvaI348l4Md6Nj0nrgjGd2UN/YHz+AAVOlVw=</latexit>

pNV=0.3
<latexit sha1_base64="ZnQH2ZPG0Z6r2AkxFcJKIs8Z6+o=">AAACAHicbVDLSsNAFJ3UV62vqAsXblKL4CokraAboejGlVSwD2himUwn7dDJg5kbsYRs/BU3LhRx62e482+ctllo64ELh3Pu5d57vJgzCZb1rRWWlldW14rrpY3Nre0dfXevJaNEENokEY9Ex8OSchbSJjDgtBMLigOP07Y3upr47QcqJIvCOxjH1A3wIGQ+IxiU1NMP4vvUAfoI6U0ry5yyU75wypZZ6+kVy7SmMBaJnZMKytHo6V9OPyJJQEMgHEvZta0Y3BQLYITTrOQkksaYjPCAdhUNcUClm04fyIxjpfQNPxKqQjCm6u+JFAdSjgNPdQYYhnLem4j/ed0E/HM3ZWGcAA3JbJGfcAMiY5KG0WeCEuBjRTARTN1qkCEWmIDKrKRCsOdfXiStqmnXzOrtaaV+mcdRRIfoCJ0gG52hOrpGDdREBGXoGb2iN+1Je9HetY9Za0HLZ/bRH2ifPwbSlV0=</latexit>

pNV=0.2
<latexit sha1_base64="eSAY75L8e17c0HEbe2b+7FF0LjE=">AAACAHicbVDLSsNAFJ34rPUVdeHCzdQiuApJFXQjFN24kgr2AU0sk+mkHTp5MHMjlpCNv+LGhSJu/Qx3/o3Tx0JbD1w4nHMv997jJ4IrsO1vY2FxaXlltbBWXN/Y3No2d3YbKk4lZXUai1i2fKKY4BGrAwfBWolkJPQFa/qDq5HffGBS8Ti6g2HCvJD0Ih5wSkBLHXM/uc9cYI+Q3TTy3C25pQu3ZFuVjlm2LXsMPE+cKSmjKWod88vtxjQNWQRUEKXajp2AlxEJnAqWF91UsYTQAemxtqYRCZnysvEDOT7SShcHsdQVAR6rvycyEio1DH3dGRLoq1lvJP7ntVMIzr2MR0kKLKKTRUEqMMR4lAbucskoiKEmhEqub8W0TyShoDMr6hCc2ZfnSaNiOSdW5fa0XL2cxlFAB+gQHSMHnaEqukY1VEcU5egZvaI348l4Md6Nj0nrgjGd2UN/YHz+AAVOlVw=</latexit>
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Fig. 5. Failed Case. Top: Groundtruth navigation route, basic agent’s navigation route,
and our agent’s exploration and navigation routes. Note that the initial orientation of
the agent is highlighted. Bottom Left: First view during three rounds of exploration
by our agent. Bottom Right: First view during navigation of our agent. Our agent
conducts three rounds of exploration at the top of the stairs. He fails to collect enough
information during the second-round exploration, causing failed navigation. This case
is taken from R2R dataset [1], path 21, instruction set 1.


