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SIMULATED SPACE LOCAL PARTITION REASSIGNMENT AND
APPLICATION AUTOSCALING

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of United States Patent Application No.
18/346,021 filed June 30, 2023, the disclosure of which is incorporated herein by reference in
its entirety. This application also claims the benefit of United States Patent Application No.
18/346,069 filed June 30, 2023, the disclosure of which is incorporated herein by reference in
its entirety. This application also claims the benefit of United States Patent Application No.
18/346,050 filed June 30, 2023, the disclosure of which is incorporated herein by reference in

its entirety.

BACKGROUND

[0002] A simulated space is a virtual simulation of a spatial environment. One
common use of a simulated space is a video game in which the simulated space corresponds
to a game world in which the game is played. In some examples, state data associated with
the simulated space may be generated, maintained, updated, and replicated. One example of
this state data corresponds physics characteristics of entities (e.g., characters, vehicles,
animals, weather and natural entities, etc.) that move throughout the simulated space. As
game worlds and other simulated spaces become more elaborate and complex, greater
amounts of resources are required to manage these simulated spaces. One strategy for
management of a simulated space is to divide the space into a group of sub-spaces, which are
referred to herein as spatial partitions. These spatial partitions may be assigned to a group of
applications, which may be distributed across a group of computing instances referred to
herein as workers. I{ may often be necessary 1o transmit state data between different spatial
partitions, such as to assist in maintaining state in scenarios in which entities travel across
different spatial partitions. Due to these and other complexities, the management of

computing resources corresponding to a simulated space may present many challenges.
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BRIEF DESCRIPTION OF DRAWINGS

[0003] The following detailed description may be better understood when read in
conjunction with the appended drawings. For the purposes of illustration, there are shown in
the drawings example embodiments of various aspects of the disclosure; however, the
invention is not limited to the specific methods and instrumentalities disclosed.

[0004] FIG. 11is a diagram illustrating an example simulated space autoscaling
system that may be used in accordance with the present description.

[0005] FIG. 2 is a diagram illustrating an example autoscaling system for a
simulated space with neighboring partition state dependencies that may be used in accordance
with the present description.

[0006] FIG. 3 is a diagram illustrating an example autoscaling system for a
simulated space with non-neighboring partition state dependencies that may be used in
accordance with the present description.

[0007] FIG. 4 is a diagram illustrating a first example local spatial partition
reassignment that may be used in accordance with the present description.

[0008] FIG. 5 is a diagram illustrating an example application scale-up with a
second example local spatial partition reassignment that may be used in accordance with the
present description.

[0009] FIG. 6 is a diagram illustrating a third example local spatial partition
reassignment that may be used in accordance with the present description.

[0010] FIG. 7 is a diagram illustrating an example application scale-down that may
be used in accordance with the present description.

[0011] FIG. 8 is a diagram illustrating an example spatial partition split that may be
used in accordance with the present description.

[0012] FIG. 9 is a diagram illustrating a fourth example local spatial partition
reassignment that may be used in accordance with the present description.

[0013] FIG. 10is a diagram illustrating an example spatial partition merge that may
be used in accordance with the present description.

[0014] FIG. 11 is a diagram illustrating example spatial partition manipulation

reporting that may be used in accordance with the present description.
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[0015] FIG. 12 is a diagram illustrating a first example remote spatial partition
reassignment that may be used in accordance with the present description.

[0016] FIG. 13 is a diagram illustrating an example worker scale-up with a second
example remote spatial partition reassignment that may be used in accordance with the
present description.

[0017] FIG. 14 is a diagram illustrating a third example remote spatial partition
reassignment that enables a subsequent worker scale-down that may be used in accordance
with the present description.

[0018] FIG. 15 is a flowchart illustrating an example local spatial partition
reassignment and application autoscaling process that may be used in accordance with the
present description.

[0019] FIG. 16is a flowchart illustrating an example spatial partition manipulation
process that may be used in accordance with the present description.

[0020] FIG. 17 is a flowchart illustrating an example remote spatial partition
reassignment and worker autoscaling process that may be used in accordance with the present
description.

[0021] FIG. 18 is a diagram illustrating an example system for transmitting and
providing data that may be used in accordance with the present description.

[0022] FIG. 19 is a diagram illustrating an example computing system that may be

used in accordance with the present description.
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DETAILED DESCRIPTION

[0023] Techniques for simulated space autoscaling operations are described herein.
The techniques described herein may be employed in connection with a simulated space,
which is a virtual simulation of a spatial environment. In one specific example, a simulated
space may be a virtual space in which a video game is played. State data associated with the
simulated space may be generated, maintained, updated, and replicated. In one specific
example, the state data may correspond to physics characteristics of entities (e.g., characters,
vehicles, animals, weather and natural entities, etc.) that move throughout the simulated
space. The simulated space may be divided into a group of sub-spaces. which are referred to
herein as spatial partitions. These spatial partitions may be assigned to a group of
applications, which may be distributed across a group of computing instances referred to
herein as workers. State data may be transmitted between different spatial partitions, such as
to assist in maintaining state in scenarios in which entities travel across different spatial
partitions. For example. in some cases, state data may be transmitted from a given spatial
partition to each other spatial partition that neighbors the given spatial partition. Also, in
some examples, state data may also be transmitted from a given spatial partition to one or
more other spatial partitions that share a designated relationship with the given spatial
partition for which state data transmission is advantageous. In one specific example, a first
spatial partition may include a virtual camera, and a second spatial partition may include a
display that displays video captured by the virtual camera. In this example scenario, it may
be advantageous to transmit state data from the first spatial partition to the second spatial
partition.

[0024] In at least some conventional spatial simulation systems, at least some
assignments related to partitions, applications and workers may be static, meaning that they
may be made at the beginning of execution of the simulation and may remain unchanged.
For example, in at least some conventional spatial simulation systems, spatial partitions may
not be reassigned between applications and/or workers, application quantities on a worker
may remain fixed, spatial partitions may not be split or merged, and/or the quantities of
workers used to implement the simulation may remain fixed. This may cause problems when
load on the simulation is increased, such as because the resources used to implement the

simulation may be insufficient to handle the increased load. Additionally, static assignments
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may be inefficient because they mav not be capable of being rearranged to handle
redistributions in load, such as when entities move from certain partitions to other partitions.
Furthermore, when load is decreased, static systems may also be inefficient because they may
unnecessarily continue to employ underutilized resources that could be more efficiently
repurposed, thereby unnecessarily increasing costs and complexities of the system. The
techniques described herein may reduce these and other problems, such as by allowing
dynamic changes to partitions, applications and workers during execution of the spatial
simulation as described in detail below.

[0025] The techniques described herein include local spatial partition reassignment,
which refers to reassignment of spatial partitions between applications on the same worker,
such as dynamically during execution of a spatial simulation. A worker may receive
application workload information relating to a workload status of each application executing
on the worker. In some examples, the application workload information may be provided by
each application to the worker and updated repeatedly, for example at a set time interval. The
application workload information may be used to determine whether a respective application
is overloaded, healthy, or underutilized. In some examples, when a given application is
overloaded, the workload on the application may be reduced by reassigning a spatial partition
from the overloaded application to another application on the same worker. For example, the
worker may first attempt to reassign the spatial partition from an overloaded application to an
underutilized application. If there are no underutilized applications on the worker, the worker
may then attempt to reassign the spatial partition from an overloaded application to a healthy
application. In some examples, the worker may send a signal to the application from which
the spatial partition is being reassigned to indicate that the application has lost ownership of
the spatial partition. Additionally, the worker may send a signal to the application to which
the spatial partition is being reassigned to indicate that the application has gained ownership
of the spatial partition. In some examples, the spatial partition reassignments may be subject
to certain rules, such as a minimum required time period between reassignments. This may
prevent confusion and system gridlock resulting from too frequent reassignment of spatial
partitions. Other example rules are described in detail below.

[0026] The techniques described herein may also include application autoscaling,

which refers to the ability to automatically and dynamically change a quantity of applications
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executing on a given worker during execution of a spatial simulation, such as by dvnamically
adding, or removing, applications to, or from, the worker. For example, in some cases, when
a given application is overloaded and when no other applications on the same worker are
underutilized, then a determination may be made to add an application to the worker. By
contrast, in some cases, when no spatial partitions are assigned to a given application and at
least one other application on the same worker is underutilized, then a determination may be
made to remove the given application from the worker. Additionally, in some examples, a
worker may attempt to stack spatial partitions onto some applications in order to cause other
underutilized applications to have no remaining spatial partitions, thereby allowing those
other underutilized applications to be removed from the worker. In some examples, the
application autoscaling may be subject to certain rules, such as a configurable maximum
and/or minimum quantity of applications that are permitted to execute on a given worker.
[0027] The techniques described herein also include local spatial partition
manipulation, which refers to the ability to split and/or merge spatial partitions on a given
worker, such as dynamically during execution of a spatial simulation. For example, in some
cases, a parent spatial partition may be split into a set of child spatial partitions that are each
smaller than the parent spatial partition. Additionally, a set of child spatial partitions may be
merged into a parent spatial partition that is larger than each of the child spatial partitions. In
some examples, a worker may receive spatial partition data saturation information for each
spatial partition on the worker. In some examples, the spatial partition data saturation
information may be provided by each application to the worker and updated repeatedly, for
example at a set time interval. The spatial partition data saturation information may be used
to determine whether a respective spatial partition requires splitting, has an acceptable
amount of data saturation, or is available for merging. For example, in some cases, a spatial
partition may become highly crowded, such as after a large quantity of entities have moved
into the spatial partition. In this scenario, the highly crowded spatial partition may require
splitting. By contrast, in some cases, a spatial partition may become less crowded, such as
after a large quantity of entities have moved out of the spatial partition. In this scenario, the
less crowded spatial partition may be available for merging. In some examples, if a given
spatial partition is determined to require splitting, then a worker may attempt to split the

spatial partition subject to certain rules. For example, these rules may include a maximum
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depth, which refers to a maximum quantity of ancestors that are permitted to be split in order
to form a child spatial partition. The rules may also include a maximum quantity of partition
slots, which refers to a maximum quantity of partitions that are permitted to be allocated to a
given worker. Additionally, in some examples, if all child partitions of the same former
parent partition are determined to be available for merging and are assigned to the same
application, then the worker may merge the child partitions back into the parent partition. By
contrast, for scenarios in which all child partitions of the same former parent partition are
determined to be available for merging but are not assigned to the same application, then the
child partitions may not be merged until they are co-located together on the same application.
For example, in some cases. the local spatial partition reassignment techniques described
herein may be employed in order to reassign one or more of the child spatial partitions to the
same application as the other child spatial partitions and cause them to be co-located together
on the same application. In some examples. in order to assist in performance of partition
merging operations, a collection of partition metadata may be generated and associated with
each child spatial partition. The partition metadata may include information associated with a
respective child spatial partition, such as an identifier of the oldest ancestor partition from
which the child partition descends, a depth (which refers to a quantity of ancestor partition(s)
that were split in order to create the child partition), an identifier of the parent partition from
which the child partition directly descends, and an indication of a quantity of child partitions
that directly descend from the parent partition (including the given child spatial partitions and
its sibling partitions). The techniques described herein may allow a given spatial partition to
be split to two or more levels of depth. For example, a parent partition may be split into a set
of first-level child partitions (at a first level of depth). If there are two levels of depth, then
one of the first-level child partitions may then be split into a set of second-level child
partitions (at a second level of depth). If there are more than two levels of depth, then one of
the second-level child partitions may then be split into a set of third-level child partitions (at a
third level of depth) and so-on until a maximum allowed level of depth is reached (if there is
a maximum allowed level of depth specified).

[0028] The techniques described herein also include remote spatial partition
manipulation reporting. During remote spatial partition manipulation reporting, indications

of local spatial partition manipulations (e.g.. splits and merges) that are made on a given
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spatial partition may be reported, by the given partition, to a simulation manager. The
simulation manager may then report the partition manipulations to each other worker
associated with the simulated space. This reporting assists the other workers, such as by
allowing the other workers to properly identify the manipulated spatial partitions and to
properly communicate with those partitions (e.g., to send, and request, state data to, and from,
those partitions). In some examples, each worker may submit, to the simulation manager.
acceptance requests corresponding to each local spatial partition manipulation that is
performed on that worker. The simulation manager may then choose to accept or reject each
acceptance request. For example, in some cases, the simulation manager may choose to
reject an acceptance request when the corresponding manipulation is a partition split that
would cause the global quantity of spatial partitions throughout the entire simulated space to
exceed a customer-specified threshold. The simulation manager may periodically issue
reports that are broadcast to each worker. Each report may provide an indication of results
for acceptance requests that are issued subsequent to the prior report. For example, the report
may include an the corresponding manipulation (e.g., an indication of a merge or split
operation and the corresponding parent and child partitions), and an indication of whether the
acceptance request is accepted or rejected.

[0029] The techniques described herein also include remote spatial partition
reassignment, which refers to reassignment of spatial partitions between different workers,
such as dynamically during execution of a spatial simulation. A worker, as that term is used
herein, refers to a computing instance (e.g., a virtual machine instance) configured to host
execution of one or more applications that perform acts related to state associated with a
spatial simulation. In some examples. each worker may report, to the simulation manager,
worker-level resource consumption information and partition information. In some
examples, the worker-level resource consumption information and partition information may
be updated repeatedly, for example at a set time interval. The worker-level resource
consumption information may be used to determine whether a respective worker is
overloaded, healthy. or underutilized. For example, each worker may have a selected number
of application slots for applications and a selected number of partition slots for spatial
partitions. For a given worker, the worker-level resource consumption information may

include, for example, indications of how many of the worker’s application slots are currently
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being used by executing applications, indications of how many of the worker’s application
slots are available for additional applications, indications of how many of the worker’s
partition slots are currently being used by local spatial partitions, indications of how many of
the worker’s partition slots are currently being used by remotelv-owned replicated spatial
partitions, indications of how many of the worker’s partition slots are available for additional
spatial partitions, breakdowns of data emissions from the worker to other workers (e.g., an
egress map with a rolling average based on a selected prior time period), breakdowns of data
ingress to the worker from other workers (e.g., an ingress map with a rolling average based
on a selected prior time period), and other information. In some examples, a worker may be
considered to be overloaded when the quantity of applications that it owns exceeds a
configurable threshold and/or when the quantity of spatial partitions that it owns exceeds a
configurable threshold. For example, this may occur when the worker has started to use its
application buffer space and/or its spatial partition buffer space.

[0030] For a given worker, the partition information may include information for
each spatial partition owned by the given worker. For a given spatial partition, the partition
information may include, for example, indications of data saturation amounts for the spatial
partition and partition relationship information indicating one or more other partitions from
which each partition receives state data and/or to which each partition sends state data. In
some examples, the partition relationship information may include weights indicating spatial
proportions of the one or more other partitions from which the partition receives state data.
Also, in some examples, the partition relationship information may be used to generate a
partition-to-partition dependency graph, which may also be included in the partition
information. The partition-to-partition dependency graph may indicate which spatial
partitions are receiving data from which other spatial partitions, as well as estimations of the
amount of data being transmitted and received between spatial partitions.

[0031] In some examples, the simulation manager may use the worker-level resource
consumption information and the partition information to determine, if, and when, to perform
a remote spatial partition reassignment and to determine the specific spatial partition to
reassign and specific workers from which, and to which, to reassign the spatial partition. For
example, in some cases, if a given worker is overloaded, then the simulation manager may

decide to reassign a spatial partition from the overloaded worker to a worker that is
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underutilized or healthy. In some examples, the simulation manager may also use the
partition information to select a particular spatial partition to reassign from the overloaded
worker and to select another worker to which to reassign the spatial partition. For example,
in some cases, the simulation manager may use the partition information to determine a
resource impact for reassigning each of the spatial partitions from the overloaded worker to
another worker. For example, in some cases, it may be determined that a given spatial
partition on an overloaded worker is sending large amounts of data to another spatial partition
on another worker. In this scenario, there may be a large positive resource impact associated
with transferring that spatial partition to the other worker, such as because the amount of data
that is transferred between workers may be reduced. Thus, in this scenario, it may be
advantageous to transfer that spatial partition to the other worker. Accordingly, in some
examples, a resource impact for reassigning a given spatial partition between workers may be
determined based on state dependencies associated with the given spatial partition, such as
including other spatial partitions on which the given spatial partition has state dependencies
and/or other spatial partitions that have state dependencies on the given spatial partition.
Additionally, in some examples, a given spatial partition may be selected for reassignment
between workers based on state dependencies associated with the given spatial partition, such
as including other spatial partitions on which the given spatial partition has state
dependencies and/or other spatial partitions that have state dependencies on the given spatial
partition.

[0032] The techniques described herein also include worker autoscaling, which
refers to the ability to automatically and dynamically change a quantity of workers that are
used to implement the spatial simulation, such as by dynamically adding, or removing,
workers during execution of the spatial simulation. Additional workers may be added in
response to increased load, while existing workers may be removed in response to decreased
load. For example, in some cases, when one or more workers are overloaded and when no
other workers have available capacity to receive additional spatial partitions (e.g., there are
no underutilized workers), the simulation manager may determine to add an additional
worker to the spatial simulation. By contrast, in some cases, when no spatial partitions are
assigned to a given worker, the simulation manager may determine to remove the given

worker from the spatial simulation. Additionally, in some examples, the simulation manager
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may attempt to empty out underutilized workers in order to cause those workers to have no
remaining spatial partitions, thereby allowing those workers to be removed from the spatial
simulation. When reassigning spatial partitions to newly added workers, and when
reassigning spatial partitions from underutilized workers to allow removal of those workers,
the simulation manager may also use the partition information to determine a resource impact
for reassigning each of the spatial partitions between workers. For example, the simulation
manager may use the resource impact determinations to select a particular spatial partition to
reassign from an overloaded worker to a new worker. Additionally, the simulation manager
may use the resource impact determinations to select one or more other workers to which to
reassign spatial partitions from an underutilized worker that is being emptied-out for removal.
Thus, in some examples, a given worker from which, and/or to which, to reassign a given
spatial partition may be selected based on state dependencies associated with the given spatial
partition, such as including other spatial partitions on which the given spatial partition has
state dependencies and/or other spatial partitions that have state dependencies on the given
spatial partition.

[0033] FIG. 1is a diagram illustrating an example simulated space autoscaling
system that may be used in accordance with the present description. In the example of FIG.
1, a simulation service 190 may. on behalf of customer 191, execute a spatial simulation
corresponding to a simulated space 100. For example, customer 191 may purchase and/or
rent computing resources (e.g., computing instances, memory resources, processing
resources, etc.) provided by the simulation service 190 in order to execute the spatial
simulation, such as to maintain, update, and modify state data associated with the spatial
simulation. The simulated space 100 is divided into spatial partitions 102a-p. While the
example of FIG. 1 includes sixteen spatial partitions 102a-p, it is noted that any number of
spatial partitions may be used in association with the techniques described herein. Also, in
the example of FIG. 1, spatial partitions 102a-p are distributed across eight applications,
including applications 121a-d on worker 103a and applications 122a-d on worker 103b.
Specifically, spatial partitions 102a-b are assigned to application 121a, spatial partitions
102¢-d are assigned to application 122a, spatial partitions 102e-f are assigned to application
121b, spatial partitions 102g-h are assigned to application 122b, spatial partitions 102i-j are
assigned to application 121c¢, spatial partitions 102k-1 are assigned to application 122¢, spatial
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partitions 102m-n are assigned to application 121d, and spatial partitions 1020-p are assigned
to application 122d.

[0034] The techniques described herein may allow simulated space autoscaling
operations 111a-f to be performed, for example by simulation service 190, in association with
simulated space 100. In the example of FIG. 1, simulated space autoscaling operations 111a-
f include local spatial partition reassignment 111a, application autoscaling 111b, local spatial
partition manipulation 111¢ (e.g., splitting and merging), remote spatial partition
manipulation reporting 111d, remote spatial partition reassignment 111e, and worker
autoscaling 111f. Each of simulated space autoscaling operations 111a-f is described in
detail below. As shown in FIG. 1, workers 103a-n are used to implement a spatial simulation
for simulated space 100. For example, in some cases, worker 103n may be added
dynamically during execution of simulated space 100. Local spatial partition reassignment
111a. application autoscaling 111b, and local spatial partition manipulation 111¢ are local
operations that may be performed on each of workers 103a-n. Additionally, remote spatial
partition manipulation reporting 111d, remote spatial partition reassignment 111e, and worker
autoscaling 111f are operations that may be performed by, or with the assistance of, a
simulation manager 120. As described in detail below, simulation manager 120 is a
computing component that manages the simulated space 100, such as by receiving
information from each of workers 103a-n, providing instructions to each of workers 103a-n,
and reporting information to workers 103a-n. The simulation manager 120 may include one
or more computing instances, such as one or more virtual machine instances, that execute
instructions to manage the simulated space and that are hosted by one or more physical
hardware computing devices.

[0035] Simulated space 100 may be a virtual simulation of a spatial environment.
In one specific example, the simulated space 100 may be a virtual space in which a video
game is played. State data associated with the simulated space 100 may be generated,
maintained, updated, and replicated. In one specific example, the state data may correspond
to movements and/or physics characteristics of entities (e.g., characters, vehicles, animals,
weather and natural entities, etc.) throughout the simulated space 100. An entity is a virtual
object that has a location within the virtual space of the spatial simulation. During execution

of the spatial simulation, if the entity moves throughout the simulated space 100, the entity’s
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location may change over time as the entity moves. State data may be transmitted between
different spatial partitions 102a-p, such as to assist in maintaining state in scenarios in which
entities travel across different spatial partitions 102a-p. For example, in some cases, state
data may be transmitted from a given spatial partition to each other spatial partition that
neighbors the given spatial partition. Referring now to FIG. 2, an example is shown in which
each of spatial partitions 102a-p receives state data from, and sends state data to, each of its
neighbors. This is represented in FIG. 2 by the arrows connecting each of spatial partitions
102a-p to each of its neighbors. For example, spatial partition 102f may receive state data
from, and provide state data to, each of spatial partitions 102a-c, 102e, 102g and 102i-k.

[0036] In some examples, a first spatial partition may have a state dependency on a
second spatial partition. This means that an application processing the first spatial partition
would require the state corresponding to the second spatial partition to correctly process the
first spatial partition. Specifically, a first partition may encode a relationship with a second
partition that describes a dependency on it. An application processing the first partition
would require the state corresponding to the second partition to correctly process the first
partition. For example, state data from the first partition may be orthogonally adjacent to the
second partition according to the simulated space. In order to correctly simulate state that
exists near the border between the first partition and second partition, the first partition needs
the state from the second partition, and the second partition needs the state from the first
partition. When the first partition and second partition are co-owned by the same worker,
there is no need to replicate the data between workers. By contrast, when the first partition
and second partition are owned by different workers, it is necessary to replicate the state data
for the first partition to the second worker, as well as replicating state for the second partition
to the first worker. In the example of FIG. 2, each of spatial partitions 102a-p has a state
dependency on each of its neighbors. For example, spatial partition 102f has a state
dependency on each of spatial partitions 102a-c, 102e, 102g and 102i-k. Thus, the arrows
shown in FIG. 2 connecting each of spatial partitions 102a-p to its neighbors may represent
these state dependencies.

[0037] Also, in some examples, a given spatial partition may have a state
dependency on a non-neighboring spatial partition. For example, state data may also be

transmitted from a given one of spatial partitions 102a-p to one or more other of spatial
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partitions 102a-p that share a designated relationship with the given one of spatial partitions
102a-p for which state data transmission is advantageous. In one specific example, a spatial
partition 102j may include a virtual camera, and spatial partition 102d may include a display
that displays video captured by the virtual camera. Thus, spatial partition 102d may have a
state dependency on spatial partition 102j. For example, knowledge of the state of the video
captured by the virtual camera in spatial partition 102 may be required in order to correctly
display that video in the display of spatial partition 102d. In this example scenario, state data
may be transmitted from spatial partition 102j to spatial partition 102d. Referring now to
FIG. 3, examples are shown of this type of state dependency between non-neighboring spatial
partitions. In the example of FIG. 3, spatial partition 102d and spatial partition 102j have a
state dependency on one another (as indicated by the arrow connecting spatial partition 102j
and spatial partition 102d). State data may be transmitted between spatial partition 102j and
spatial partition 102d. Additionally, spatial partition 102a and spatial partition 102m have a
state dependency on one another (as indicated by the arrow connecting spatial partition 102a
and spatial partition 102m). State data may be transmitted between spatial partition 102a and
spatial partition 102m. Furthermore, spatial partition 102f and spatial partition 102p have a
state dependency on one another (as indicated by the arrow connecting spatial partition 102f
and spatial partition 102p). State data may be transmitted between spatial partition 102f and
spatial partition 102p. It is noted that the types of state dependencies and state data
transmission described above and shown in FIGS. 2 and 3 are not mutually exclusive and
may be employed in combination with one another. For example, a given spatial partition
may have state dependencies on both neighboring and non-neighboring spatial partitions.
Also, in some examples, customer 191 may specify and configure rules for which spatial
partitions have state dependencies on which other spatial partitions and are to receive state
data form which other spatial partitions.

[0038] In some examples, a first spatial partition on a first worker may have a state
dependency on a second spatial partition on a second worker. In these examples, an
application processing the first spatial partition would require the state corresponding to the
second spatial partition to correctly process the first spatial partition. Thus, it may be
necessary to replicate state data corresponding to the second spatial partition from the second

worker to the first worker. This cross-worker state data replication may result in large
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amounts of data traffic between workers as well increased usage of computing resources,
thereby raising the cost and complexity associated with execution of a spatial simulation. For
example, as shown in FIG. 2, spatial partition 102f, which is located on worker 103a may
have a state dependency on three spatial partitions (spatial partitions 102¢, 102g and 102k)
that are located on worker 103b. This may result in cross-worker data replication of state
data associated with spatial partitions 102¢, 102g and 102k from worker 103b to worker
103a. As another example, as shown in FIG. 3, spatial partition 102d, which is located on
worker 103b may have a state dependency on spatial partition 102j, which is located on
worker 103a. This may result in cross-worker data replication of state data associated with
spatial partition 102j from worker 103a to worker 103b. When state data from a first spatial
partition on a first worker is transmitted to a second spatial partition on a second worker, this
may result in cross-worker data replication of state data from the first worker to the second
worker.

[0039] In the examples of FIGS. 1-3, simulated space autoscaling operations 111a-f
include local spatial partition reassignment 111a. Local spatial partition reassignment 111a
refers to reassignment of spatial partitions between applications on the same worker, such as
dynamically during execution of a spatial simulation. A worker may receive application
workload information relating to a workload status of each application executing on the
worker. In some examples, the application workload information may be provided by each
application to the worker and updated repeatedly, for example at a set time interval. The
application workload information may be used to determine whether a respective application
is overloaded, healthy, or underutilized. In some examples, the application workload
information may explicitly identify a respective application as being overloaded, healthy, or
underutilized. Also, in some examples, the application workload information may include
other data that may be used to determine whether the respective application is overloaded,
healthy, or underutilized. For example, in some cases, the application workload information
may include information about various metrics for a respective application (e.g.,
success/failure to meet deadlines, total counts of entities in partitions assigned to the
application, etc.) that may be used to determine whether the respective application is
overloaded, healthy, or underutilized. For example, in some cases, an application may be

considered to be overloaded if the total quantity of entities in its assigned spatial partitions
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meets or exceeds an upper threshold. Also, an application may be considered to be
underutilized if the total quantity of entities in its assigned spatial partitions is at or below a
lower threshold. Also, an application may be considered to be healthy if the total quantity of
entities in its assigned spatial partitions is between the upper and lower thresholds. In some
examples, different customers of the simulation service 190 may be able to configure
different customer-specific metrics that are to be analyzed, as well as different customer-
specific characteristics of those metrics (e.g., upper thresholds, lower thresholds, etc.), that
may be analyzed by a worker in order to determine the workload status of respective
applications.

[0040] Referring now to FIG. 4, an operation 450 is shown, which is an example
local spatial partition reassignment operation. In the example of FIG. 4, applications 121a-c
are executing on worker 103a. Time 451 represents a time prior to performance of operation
450. As shown, at time 451, spatial partitions 102a-b are assigned to application 121a, spatial
partitions 102e-f are assigned to application 121b, and spatial partitions 102i-j are assigned to
application 121c. Statuses 401a-c represent workload statuses of applications 102a-c,
respectively. Specifically, at time 451, application 102a has a status 401a of overloaded,
application 102b has a status 401b of healthy, and application 102¢ has a status 401c of
underutilized.

[0041] In some examples, when a given application is overloaded, the workload on
the application may be reduced by reassigning a spatial partition from the overloaded
application to another application on the same worker. In some examples, the worker may
first attempt to reassign the spatial partition from an overloaded application to an
underutilized application. Also, in some examples, if there are no underutilized applications
on the worker, the worker may then attempt to reassign the spatial partition from an
overloaded application to a healthy application. In the example of FIG. 4, in order to reduce
the workload on application 121a (which is overloaded at time 451), the worker 103a
performs operation 450 to reassign spatial partition 102b from application 121a to application
121c¢ (which is underutilized at time 451). Time 452 represents a time after performance of
operation 450. As shown, at time 452, spatial partition 102b has been reassigned (via
operation 450) from application 121a to application 121¢c. At time 452, the status 401a of

application 121a has changed from overutilized to healthy, such as because the workload of
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application 121a has been reduced. Additionally. at time 452, the status 401¢ of application
121¢ has changed from underutilized to healthy. such as because the workload of application
121c¢ has been increased.

[0042] In some examples, a worker may send a signal to an application from which
the spatial partition is being reassigned to indicate that the application has lost ownership of
the spatial partition. For example, for operation 450 of FIG. 4, worker 103a may send a
signal to application 121a to indicate that application 121a has lost ownership of spatial
partition 102b. Additionally, the worker may send a signal to the application to which the
spatial partition is being reassigned to indicate that the application has gained ownership of
the spatial partition. For example, for operation 450 of FIG. 4, worker 103a may send a
signal to application 121c¢ to indicate that application 121¢ has gained ownership of spatial
partition 102b. In some examples, the spatial partition reassignments may be subject to
certain rules, such as a minimum required time period between reassignments. This may
prevent confusion and system gridlock resulting from too frequent reassignment of spatial
partitions. These and other example rules may be customer-specific and may be selected by a
given customer, for example by customer 191. For example, the customer 191 may select
relative placement constraints (e.g., must be rectangular, must be orthogonally connected,
etc.) for spatial partitions that are assigned or reassigned to an application, partition count
constraints (e.g., no more than ten spatial partitions per application), entity count per
application constraints, and others.

[0043] In the examples of FIGS. 1-3, simulated space autoscaling operations 111a-f
include application autoscaling 111b. Application autoscaling 111b refers to the ability to
automatically and dynamically change a quantity of applications executing on a given worker
during execution of a spatial simulation, such as by dynamically adding, or removing,
applications to, or from, the worker. For example, in some cases, when a given application is
overloaded and when no other applications on the same worker are underutilized, then a
determination may be made to perform an application scale-up by adding an application to
the worker. By contrast, in some cases, when no spatial partitions are assigned to a given
application and at least one other application on the same worker is underutilized, then a
determination may be made to perform an application scale-down by removing the given

application from the worker. Additionally, in some examples, workers may attempt to stack
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spatial partitions onto some applications in order to cause other underutilized applications to
have no remaining spatial partitions, thereby allowing those other underutilized applications
to be removed from the worker.

[0044] Referring now to FIG. 5, operations 550 are shown, which are example
application scale-up and local spatial partition reassignment operations. Time 551 represents
a time prior to performance of operations 550. As shown, at time 551, applications 121a-c
are executing on worker 103a. Also, at time 551, spatial partition 102a is assigned to
application 121a, spatial partitions 102e-f are assigned to application 121b, and spatial
partitions 102b and 102i-j are assigned to application 121¢. Statuses 401a-c represent
workload statuses of applications 102a-c, respectively. Specifically, at time 551, application
102a has a status 401a of healthy, application 102b has a status 401b of healthy, and
application 102¢ has a status 401¢ of overloaded.

[0045] In the example, because application 121¢ is overloaded and no other existing
applications on worker 103a are underutilized at time 551, a determination is made to scale-
up and add an additional application to worker 103a via operations 550. Time 552 represents
a time after performance of operations 550. As shown, at time 552, application 121d has
been added to worker 103a. Also, at time 552, spatial partition 102b has been reassigned
from application 121¢ to application 121d. At time 552, the status 401¢ of application 121¢
has changed from overloaded to healthy, such as because the workload of application 121¢
has been reduced. Additionally, at time 552, application 121d has a status 401d of healthy.

[0046] Referring now to FIG. 6, an operation 650 is shown, which is another
example local spatial partition reassignment operation. In the example of FIG. 6, applications
121a-d are executing on worker 103a. Time 651 represents a time prior to performance of
operation 650. As shown, at time 651, spatial partition 102a is assigned to application 121a,
spatial partitions 102e-f are assigned to application 121b, spatial partitions 102i-j are assigned
to application 121c¢, and spatial partition 102b is assigned to application 121d. Statuses 401la-
d represent workload statuses of applications 102a-d, respectively. Specifically, at time 651,
application 121a has a status 401a of underutilized, application 121b has a status 401b of
healthy, application 121c¢ has a status 401c of healthy, and application 121d has a status 401d

of underutilized.
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[0047] In some examples, a worker may attempt to stack spatial partitions onto
some applications in order to cause other underutilized applications to have no remaining
spatial partitions, thereby allowing those other underutilized applications to be removed from
the worker. In the example of FIG. 6, in order to empty application 121a and allow its
eventual removal (see FIG. 7), the worker 103a performs operation 650 to reassign spatial
partition 102a from application 121a to application 121d. Time 652 represents a time after
performance of operation 650. As shown, at time 652, spatial partition 102a has been
reassigned (via operation 650) from application 121a to application 121d. It is noted that
application 121a may continue to run successfully even when it does not own any spatial
partitions.

[0048] Referring now to FIG. 7, an operation 750 is shown, which is an example
application scale-down operation. Time 751 represents a time prior to performance of
operation 750. As shown, at time 751, applications 121a-d are executing on worker 103a.
Spatial partitions 102e-f are assigned to application 121b, spatial partitions 102i-j are
assigned to application 121c, and spatial partitions 102a-b are assigned to application 121d.
There are no spatial partitions assigned to application 121a. Statuses 401a-d represent
workload statuses of applications 102a-d, respectively. Specifically, at time 751, application
102a has a status 401a of underutilized, application 102b has a status 401b of healthy,
application 102¢ has a status 401c¢ of underutilized, and application 102d has a status 401d of
healthy.

[0049] In the example of FIG. 7, because application 121a has no assigned spatial
partitions and at least one other application (application 121¢) in underutilized, worker 103a
performs operation 750 to scale-down and terminate application 121a. Time 752 represents a
time after performance of operation 750. As shown, at time 752, spatial partition 102a has
been terminated. In some examples, a static set of computing resources (e.g., processing
resources, memory resources, etc.) may be allocated to each existing application. By
terminating application 121a, the computing resources that are allocated to application 121a
may be made available for other more advantageous uses. In some examples, the application
autoscaling may be subject to certain rules, such as a configurable maximum and/or

minimum quantity of applications that are permitted to execute on a given worker. These and
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other example rules may be customer-specific and may be selected by a given customer, for
example by customer 191.

[0050] In some examples, a buffer space may be maintained on each of workers
103a-n for both applications and spatial partitions. The buffer space may give workers 103a-n
room to scale-up as needed, as well as providing the simulation manager a signal to
rebalance. In some examples, there may be differences in times that are required to
implement each of the simulated space autoscaling operations 111a-f. For example, in some
cases, local spatial partition reassignment 111a, application autoscaling 111b, and local
spatial partition manipulation 111¢ may be performed relatively quickly because they are
local operations that may be performed locally on each of workers 103a-n. By contrast.
remote spatial partition reassignment 111e and worker autoscaling 111f require cross-worker
coordination and therefore may require more time to implement. Thus, in some examples,
workers 103a-n may perform local operations quickly to attempt to address an immediate
need (e.g., to mitigate a utilization spike). By using the buffer space. this allows the workers
103a-n to mitigate problems locally first. The workers 103a-n may be required to adhere to
the currently-published topology (e.g., which worker owns which partitions) and to report its
operations to the simulation manager 120 so it can update the simulation topology across all
workers 103a-n. After a worker 103a-n mitigates an issue, it may consume some of its buffer
space. The simulation manager 120 may then restore the buffer space by rebalancing the
partition-to-worker mappings. If needed, the simulation manager 120 may also acquire
additional workers if the load has grown too much. In addition to scaling-up to mitigate a
spike, workers 103a-n may also attempt to scale-down when possible. Workers 103a-n may
be responsible for optimizing their assigned workload, as well as being aware of when
resources can be compressed. For example, if four partitions can potentially be merged due to
low utilization, a worker should seek to assign ownership of those partitions to the same
application.

[0051] Referring back to FIGS. 1-3, it is shown that simulated space autoscaling
operations 111a-f may also include local spatial partition manipulation 111¢. Local spatial
partition manipulation 111c¢ refers to the ability to split and/or merge spatial partitions on a
given worker, such as dynamically during execution of a spatial simulation. For example, in

some cases, a parent spatial partition may be split into a set of child spatial partitions that are
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each smaller than the parent spatial partition. Additionally. a set of child spatial partitions
may be merged into a parent spatial partition that is larger than each of the child spatial
partitions. In some examples, a worker may receive spatial partition data saturation
information for each spatial partition on the worker. In some examples, the spatial partition
data saturation information may be provided by each application to the worker and updated
repeatedly, for example at a set time interval. The spatial partition data saturation
information may be used to determine whether a respective spatial partition requires splitting,
has an acceptable amount of data saturation, or is available for merging. In some examples,
the spatial partition data saturation information may be collected and provided by an
application to which a given spatial partition is assigned.

[0052] In some examples, the spatial partition data saturation information may
explicitly identify a respective spatial partition as requiring splitting, having an acceptable
amount of data saturation, or being available for merging. Also, in some examples, the
spatial partition data saturation information may include other data that may be used to
determine whether the respective spatial partition requires splitting, has an acceptable amount
of data saturation, or is available for merging. For example, in some cases, the spatial
partition data saturation information may include information about various metrics for a
respective spatial partition (e.g., total counts of entities in the spatial partition, counts of
entities moving into and/or towards the spatial partition, counts of entities moving out of
and/or away from the spatial partition, etc.) that may be used to determine whether the
respective spatial partition requires splitting, has an acceptable amount of data saturation, or
is available for merging. In one specific example, a spatial partition having at or above an
upper threshold of entities may require splitting, a spatial partition having at or below a lower
threshold of entities may be available for merging, and a spatial partition that is between the
upper and lower thresholds of entities may have an acceptable amount of data saturation. In
some examples, different customers of the simulation service 190 may be able to configure
different customer-specific metrics that are to be analyzed, as well as different customer-
specific characteristics of those metrics (e.g., upper thresholds, lower thresholds. etc.), that
may be analyzed by a worker in order to determine whether a respective spatial partition

requires splitting, has an acceptable amount of data saturation, or is available for merging.
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[0053] In some examples, a spatial partition may become highly crowded, such as
after a large quantity of entities have moved into the spatial partition. In this scenario, the
highly crowded spatial partition may require splitting. Referring now to FIG. 8, an operation
850 1s shown, which is an example spatial partition split operation. Time 851 represents a
time prior to performance of operation 850. As shown, at time 851, spatial partition 102a is
assigned to application 121a, and spatial partition 102b is assigned to application 121b.
Statuses 801a-b represent data saturation statuses of spatial partitions 102a-b, respectively.
Specifically, at time 851, spatial partition 102a has a status 801a of requires split, and spatial
partition 102b has a status 801b of acceptable saturation.

[0054] In the example of FIG. 8. because it is oversaturated, spatial partition 102a is
split into four child partitions, which are spatial partitions 102al-102a4. Time 852 represents
a time after performance of operation 850. As shown, at time 852, spatial partition 102a is
split into spatial partitions 102al-102a4. Statuses 802a-d represent data saturation statuses of
spatial partitions 102al-102a4, respectively. Specifically, at time 852, spatial partitions
102al1-102a4 all have a statuses 802a-d of acceptable saturation. It is noted that, if
application 121a should become overloaded, one or more of spatial partitions 102al-102a4
may be moved onto another application using the local spatial partition reassignment
techniques described above. For example, if application 121a should become overloaded,
spatial partition 102a4 may be moved to application 121b.

[0055] In some examples, in order to assist in performance of partition merging
operations, a collection of partition metadata may be generated and associated with each child
spatial partition. In the example of FIG. 8, partition metadata 820 may be generated and
associated with spatial partitions 102al-102a4, which are children of spatial partition 102a.
In this example, partition metadata 820 includes an identifier of the oldest ancestor partition
from which the spatial partitions 102al1-102a4 descend, which is spatial partition 102a.
Partition metadata 820 also includes an indication of a depth (which refers to a quantity of
ancestor partition(s) that were split in order to create the child partition). In this example, the
depth is one because only one ancestor partition (spatial partition 102a) is split to create
spatial partitions 102al-102a4. Partition metadata 820 also includes an identifier of the
parent partition from which the spatial partitions 102al-102a4 directly descend, which is
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spatial partition 102a. Partition metadata 820 also includes an indication of a quantity of
child partitions that directly descend from the parent partition, which is four.

[0056] In some examples, if a given spatial partition is determined to require
splitting, then a worker may attempt to split the spatial partition subject to certain rules. For
example, these rules may include a maximum depth, which refers to a maximum quantity of
ancestor partitions that are permitted to be split in order to create a child partition. The rules
may also include a maximum quantity of partition slots, which refers to a maximum quantity
of partitions that are permitted to be allocated to a given worker. Additionally, because splits
and merges are potentially disruptive to the spatial simulation, a customer may request that a
partition split or merge be delayed, such as until performance of a specified operation. The
simulation service 190 may then instruct the worker to delay the split or merge based on the
request. For example, a partition split may be delayed until performance of a subsequent
partition merge operation.

[0057] In some cases, a spatial partition may become less crowded, such as after a
large quantity of entities have moved out of the spatial partition. In this scenario, the less
crowded spatial partition may be available for merging. In some examples, if all child
partitions of the same former parent partition are determined to be available for merging and
are assigned to the same application, then the worker may merge the child partitions back into
the parent partition. By contrast, for scenarios in which all child partitions of the same
former parent partition are determined to be available for merging but are not assigned to the
same application, then the child partitions may not be merged until they are co-located
together on the same application. For example, in some cases, the local spatial partition
reassignment techniques described above may be employed in order to reassign one or more
of the child spatial partitions to the same application as the other child spatial partitions and
cause them to be co-located together on the same application.

[0058] Referring now to FIG. 9, an example is shown in which a child partition may
be reassigned from one application to another in order to allow the child partition and its
siblings to be merged back into a parent partition. In the example of FIG 9, an operation 950
is shown, which is an example local spatial partition reassignment operation. Spatial
partitions 102al-102a4 are all of the siblings of a common parent spatial partition (spatial

partition 102a of FIG. 8). Time 951 represents a time prior to performance of operation 950.
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As shown, at time 951, spatial partitions 102al-102a3 are assigned to application 121a, and
spatial partitions 102b and 102a4 are assigned to application 121b. Statuses 802a-d represent
data saturation statuses of spatial partitions 102al-102a4, respectively. Specifically, at time
951, spatial partitions 102al-102a4 all have statuses 802a-d of merge available. However, at
time 951, although spatial partitions 102al-102a4 are all available to be merged, the spatial
partitions 102al-102a4 cannot be immediately merged because thev are not assigned to the
same application. Specifically, spatial partitions 102a1-102a3 are assigned to application
121a, while spatial partitions 102al1-102a3 are assigned to application 121a.

[0059] In the example of FIG. 9, spatial partition 102a4 is reassigned from
application 121a to application 121b. Time 952 represents a time after performance of
operation 950. As shown, at time 952, spatial partition 102a4 has been reassigned from
application 121ato application 121b a4.

[0060] In some examples, the merging of child spatial partitions back into a parent
spatial partition may be performed based at least in part on partition metadata 820. For
example, partition metadata 820 may be employed to assist in merging of spatial partitions
102a1-102a4 back into spatial partition 102a. In some examples, when spatial partition 102a
is split, the partition metadata 820 may be associated with each of spatial partitions 102al-
102a4. In some cases, worker 103a may use partition metadata 820 to determine that spatial
partitions 102al-102a4 have a matching parent (spatial partition 102a) and form a set of
siblings having a quantity (four) that matches the sibling quantity identified in the partition
metadata 820. Based at leas in part on this information, worker 103a may merge (and/or
attempt to merge) spatial partitions 102al-102a4 into spatial partition 102a.

[0061] After spatial partition 102a4 is reassigned from application 121a to
application 121b, spatial partitions 102al-102a4 may be merged back into spatial partition
102a. Referring now to FIG. 10, an operation 1050 is shown, which is an example spatial
partition merger. Time 1051 represents a time prior to performance of operation 1050. As
shown, at time 1051, spatial partitions 102al1-102a4 are assigned to application 121a, and
spatial partition 102b is assigned to application 121b. Statuses 802a-d represent data
saturation statuses of spatial partitions 102al-102a4, respectively. Specifically, at time 1051,
spatial partitions 102al-102a4 all have statuses 802a-d of merge available. Because spatial

partitions 102al-102a4 are all assigned to application 121a, they may now be merged. Time
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1052 represents a time after performance of operation 1050. As shown, at time 1052, spatial
partitions 102al-102a4 are merged back into spatial partition 102a. Spatial partition 102a-b
have a status 801a-b, respectively, indicating that they each have an acceptable saturation
amount.

[0062] Referring back to FIGS. 1-3, it is shown that simulated space autoscaling
operations 111a-f may also include remote spatial partition manipulation reporting 111d.
During remote spatial partition manipulation reporting 111d, indications of local spatial
partition manipulations (e.g., splits and merges) that are made on a given spatial partition
may be reported, by the given partition, to a simulation manager. The simulation manager
may then report the partition manipulations to each other worker associated with the
simulated space. This reporting assists the other workers, such as by allowing the other
workers to properly identify the manipulated spatial partitions and to properly communicate
with those partitions (e.g., to send, and request, state data to, and from, those partitions).

[0063] Referring to FIG. 11, an example of remote spatial partition manipulation
reporting 111d will now be described in detail. In the example of FIG. 11, each worker 103a-
n may individually submit, to the simulation manager 120, partition manipulation acceptance
requests 1161 corresponding to each local spatial partition manipulation (e.g., splits and
merges) that is performed on that worker 103a-n. In some examples, each of the partition
manipulation acceptance requests 1161 may include an indication of the type of manipulation
(e.g., split or merge) and indications of the parent and child partitions involved in the
manipulation. The simulation manager 120 may then choose to accept or reject each of the
partition manipulation acceptance requests 1161. In some cases, the simulation manager 120
may choose to reject a given one of the partition manipulation acceptance requests 1161
when there is state on other workers that indicates that the corresponding manipulation
cannot be accepted. For example, this may occur when a partition split would cause the
global quantity of spatial partitions throughout the simulated space 100 to exceed a customer-
specified threshold. In some examples, while each worker 103a-n may have only a local
view of its own spatial partitions, the simulation manager 120 may have a global view of the
simulated space 100. The simulation manager 120 may therefore be capable of enforcing

global thresholds and limitation across the simulated space 100. In some examples, if the
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simulation manager 120 determines that a manipulation would not cause violation of any
global rules or constraints, then the respective acceptance request may be accepted.

[0064] The simulation manager 120 may send partition manipulation acceptance
results 1162 to workers 103a-n, such as via a broadcast to all of the workers 103a-n. In some
examples, each of the partition manipulation acceptance results 1162 may include an
indication of the type of manipulation (e.g.. split or merge), indications of the parent and
child partitions involved in the manipulation, and indications of whether the corresponding
acceptance request for the manipulation is accepted or rejected. In some examples, the
simulation manager 120 may periodically issue reports that are broadcast to each worker
103a-n. Each report may provide a group of partition manipulation acceptance results 1162
that have been issued subsequent to the previous report. In some examples, there may be a
short time gap between the time that a partition manipulation is locally performed on a given
worker and the time at which the manipulation is accepted and reported to other workers.
During that time gap, the worker may maintain a record of a mapping between the prior state
(prior to performance of the manipulation) and the subsequent state (after performance of the
manipulation) of the spatial partitions involved in the manipulation. This may allow the
worker to properly route incoming data from other workers to the appropriate spatial
partitions until the manipulation is accepted and reported to the other workers.

[0065] Referring back to FIGS. 1-3, it is shown that simulated space autoscaling
operations 111a-f may also include remote spatial partition reassignment 111e. Remote
spatial partition reassignment 111e refers to reassignment of spatial partitions between
different workers, such as dynamically during execution of a spatial simulation. Referring
now to FIG. 12, it is shown each of workers 103a-n mav report, to the simulation manager
120, worker-level resource consumption information 1212 and partition information 1211. In
some examples, the worker-level resource consumption information 1212 and partition
information 1211 may be updated repeatedly, for example at a set time interval. The worker-
level resource consumption information 1212 may be used to determine whether a respective
worker is overloaded, healthy, or underutilized. In some examples, the worker-level resource
consumption information 1212 may explicitly identify a respective worker as being
overloaded, healthy, or underutilized. Also, in some examples, the worker-level resource

consumption information 1212 may include other data that may be used to determine whether
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the respective worker is overloaded, healthy, or underutilized. For example, each worker
may have a selected number of application slots for applications and a selected number of
partition slots for spatial partitions. For a given worker, the worker-level resource
consumption information 1212 may include, for example, indications of how many of the
worker’s application slots are currently being used by executing applications, indications of
how many of the worker’s application slots are available for additional applications,
indications of how many of the worker’s partition slots are currently being used by local
spatial partitions, indications of how many of the worker’s partition slots are currently being
used by remotely-owned replicated spatial partitions, indications of how many of the
worker’s partition slots are available for additional spatial partitions, breakdowns of data
emissions from the worker to other workers (e.g., an egress map with a rolling average based
on a selected prior time period), breakdowns of data ingress to the worker to other workers
(e.g., an ingress map with a rolling average based on a selected prior time period), and other
information. In some examples, a worker may be considered to be overloaded when the
quantity of applications that it owns exceeds a configurable threshold and/or when the
quantity of spatial partitions that it owns exceeds a configurable threshold. For example, this
may occur when the worker has started to use its application buffer space and/or its spatial
partition buffer space, such as to mitigate a utilization spike associated with the spatial
simulation.

[0066] For a given worker, the partition information 1211 may include information
for each spatial partition owned by the given worker. For a given spatial partition, the
partition information 1211 may include indications of data saturation amounts for the spatial
partition. In some examples, the indications of data saturation amounts for the spatial
partition may include a value from zero to N that describes how full the partition is. In one
specific example, a value of zero may indicate that a partition is empty. Additionally, value
of 1.0 may represent the most data one shard can have. Additionally, values greater than 1.0
may also be used to allow for a scenario in which a spatial partition has been split, but the
split has not yet been indicated to the simulation manager 120. For example, the value 2.0
may represent the most data two shards can have.

[0067] The partition information 1211 may also include partition relationship

information (e.g., an ingress map) indicating one or more other partitions from which each
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partition receives state data and/or to which each partition sends state data. The partition
relationship information may include weights indicating spatial proportions of the one or
more other partitions from which the partition receives state data. For example, a small
weight (e.g., a weight of zero) may indicate that a spatial partition receives state data from
only a small portion of another spatial partition. By contrast, a large weight (e.g., a weight of
1.0) may indicate that a spatial partition receives state data from a large portion, or all, of
another spatial partition. In some examples, it may be difficult to determine an exact amount
of data that is being replicated from one spatial partition to another, and weighting of spatial
proportions in this manner may provide an effective estimation of the amount of data that is
being transmitted. Also. in some examples. the partition relationship information may be
used to generate a partition-to-partition dependency graph, which may also be included in the
partition information 1211. The partition-to-partition dependency graph may indicate which
spatial partitions are receiving data from which other spatial partitions, as well as estimations
of the amount of data being transmitted and received between spatial partitions.

[0068] In some examples, the simulation manager 120 may use the worker-level
resource consumption information 1212 and the partition information 1211 to determine, if,
and when, to perform a remote spatial partition reassignment, and also determine the spatial
partition to reassign and specific workers from which, and to which, to reassign the spatial
partition. For example, in some cases, if a given worker is overloaded, then the simulation
manager 120 may decide to reassign a spatial partition from the overloaded worker to a
worker that is underutilized or healthy. In some examples, the simulation manager 120 may
also use the partition information 1211 to select a particular spatial partition to reassign from
the overloaded worker and to select another worker to which to reassign the spatial partition.
For example, in some cases, the simulation manager 120 may use the partition information
1211 to determine a resource impact for reassigning each of the spatial partitions from the
overloaded worker to another worker. For example, in some cases, it may be determined that
a given spatial partition on an overloaded worker is sending large amounts of data to another
spatial partition on another worker. In this scenario, there may be a large positive resource
impact associated with transferring that spatial partition to the other worker, such as because
the amount of data that is transferred between workers may be reduced. Thus, in this

scenario, it may be advantageous to transfer that spatial partition to the other worker.
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[0069] FIG. 12 shows an example in which an operation 1250 is performed. which is
an example remote spatial partition reassignment operation. In this example, worker 103a is
overloaded, and operation 1250 is performed to move spatial partition 102j from worker 103a
to worker 103b in order to reduce the operational load on worker 103a. Specifically, time
1251 represents a time prior to performance of operation 1250. As shown, at time 1251,
worker 103a includes spatial partition 102j (as well as any number of other spatial partitions
that are not shown in FIG. 12). Additionally, worker 103b includes spatial partition 102d (as
well as any number of other spatial partitions that are not shown in FIG. 12). Statuses 1201a-
b represent resource consumption statuses of workers 102a-b, respectively. Specifically, at
time 1251, worker 103a has a status 1201a of overloaded. and worker 103b has a status
1201b of underutilized.

[0070] Time 1252 represents a time subsequent to performance of operation 1250.
As shown, at time 1252, spatial partition 102j has been moved from worker 103a to worker
103b in order to reduce the operational load on worker 103a . Additionally, at time 1252,
worker 103a has a status 1201a of healthy, and worker 103b also has a status 1201b of
healthy. In this example, the partition information 1211 may indicate that spatial partition
102 is sending large amounts of data to spatial partition 102d. Based on this information, the
simulation manager may determine that it would be advantageous to have spatial partitions
1025 and 102d located together on the same worker, such as to reduce the amount of data that
needs to be replicated between workers. Thus, the simulation manager may select spatial
partition 102j (e.g., as opposed to another spatial partition on worker 103a) to transfer to
worker 103b. By moving spatial partition 102j to worker 103b, the simulation manager may
reduce the load on worker 103a and also reduce the amount of data that is transferred
between workers 103a and 103b.

[0071] Referring back to FIGS. 1-3, it is shown that simulated space autoscaling
operations 111a-f may also include worker autoscaling 111f, which refers to the ability to
automatically and dynamically change a quantity of workers that are used to implement the
spatial simulation, such as by dynamically adding, or removing, workers during execution of
the spatial simulation. Additional workers may be added in response to increased load, while
existing workers may be removed in response to decreased load. For example, in some cases,

when one or more workers are overloaded and when no other workers have available capacity
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to receive additional spatial partitions (e.g., there are no underutilized workers), the
simulation manager 120 may determine to add an additional worker to the spatial simulation.
By contrast, in some cases. when no spatial partitions are assigned to a given worker, the
simulation manager 120 may determine to remove the given worker from the spatial
simulation. Additionally, in some examples, the simulation manager 120 may attempt to
empty out underutilized workers in order to cause those workers to have no remaining spatial
partitions, thereby allowing those workers to be removed from the spatial simulation. When
reassigning spatial partitions to newly added workers, and when reassigning spatial partitions
from underutilized workers to allow removal of those workers, the simulation manager 120
may also use the partition information 1211 to determine a resource impact for reassigning
each of the spatial partitions between workers. For example, the simulation manager 120
may use the resource impact determinations to select a particular spatial partition to reassign
from an overloaded worker to a new worker. Additionally, the simulation manager may use
the resource impact determinations to select one or more other workers to which to reassign
spatial partitions from an underutilized worker that is being emptied-out for removal.

[0072] FIG. 13 shows an example in which operations 1350 are performed, which
are example worker scale-up and remote spatial partition reassignment operations.
Specifically, time 1351 represents a time prior to performance of operations 1350. As shown,
at time 1351, worker 103a includes spatial partition 102 (as well as any number of other
spatial partitions that are not shown in FIG. 13). Additionally, worker 103b includes spatial
partition 102d (as well as any number of other spatial partitions that are not shown in FIG.
13). Statuses 1201a-b represent resource consumption statuses of workers 102a-b,
respectively. Specifically, at time 1351, worker 103a has a status 1201a of overloaded, and
worker 103b has a status 1201b of overloaded. Additionally, at time 1351, worker-level
resource consumption information 1212 may indicate that no other existing workers have
available capacity to receive additional spatial partitions (e.g., there are no underutilized
workers). Based on this information, simulation manager 120 may determine to perform a
worker scale-up to add an additional worker (worker 103¢) to the spatial simulation.

[0073] Time 1352 represents a time subsequent to performance of operations 1350,
As shown, at time 1352, worker 103c has been added to the spatial simulation. Additionally,

at time 1352, spatial partition 102j has been moved from worker 103a to worker 103c¢ in
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order to reduce the operational load on worker 103a. Additionally, at time 1352, spatial
partition 102d has been moved from worker 103b to worker 103c in order to reduce the
operational load on worker 103b. Also, at time 1352, worker 103a has a status 1201a of
healthy, worker 103b has a status 1201b of healthy, and worker 103b also has a status 1201b
of healthy. In this example, the partition information 1211 may indicate that spatial partition
102 is sending large amounts of data to spatial partition 102d. Based on this information, the
simulation manager may determine that it would be advantageous to have spatial partitions
102 and 102d located together on the same worker, such as to reduce the amount of data that
needs to be replicated between workers. Thus, the simulation manager may select spatial
partition 102 (e.g.. as opposed to another spatial partition on worker 103a) to transfer to
worker 103¢c. Additionally, the simulation manager may select spatial partition 102d (e.g., as
opposed to another spatial partition on worker 103b) to transfer to worker 103¢c. By moving
spatial partitions 102 and 102d to worker 103c, the simulation manager may reduce the loads
on workers 103a and 103b, respectively, and also reduce the amount of data that is
transferred between workers 103a and 103b.

[0074] FIG. 14 shows an example in which operations 1450 is performed, which is
an example remote spatial partition reassignment operation that enables a subsequent worker
scale-down. Specifically, time 1451 represents a time prior to performance of operation
1450. As shown, at time 1451, worker 103a includes spatial partition 102a (as well as any
number of other spatial partitions that are not shown in FIG. 14). Additionally, worker 103b
includes spatial partition 102d (as well as any number of other spatial partitions that are not
shown in FIG. 14). Furthermore, worker 103¢ includes spatial partition 102j. Statuses 1201a-
¢ represent resource consumption statuses of workers 102a-c, respectively. Specifically, at
time 1451, worker 103a has a status 1201a of healthy, worker 103b has a status 1201b of
healthy, and worker 103b has a status 1201b of underutilized. Based on this information,
simulation manager 120 may determine to empty-out worker 103¢ of its spatial partitions by
moving spatial partition 102j away from worker 103¢. This may allow worker 103c to be
eventually removed from the spatial simulation, thereby reducing the resources used by the
spatial simulation.

[0075] Time 1452 represents a time subsequent to performance of operation 1450.

As shown, at time 1452, spatial partition 102j has been moved from worker 103¢ to worker
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103b . This causes worker 103c to be empty (e.g., to have no assigned spatial partitions) and
may allow worker 103c¢ to be eventually removed from the spatial simulation. In this
example, the partition information 1211 may indicate that spatial partition 102j is sending
large amounts of data to spatial partition 102d. Based on this information, the simulation
manager may determine that it would be advantageous to have spatial partitions 102j and
102d located together on the same worker, such as to reduce the amount of data that needs to
be replicated between workers. Thus, because spatial partition 102d is assigned to worker
103b, the simulation manager may select worker 103b (e.g., as opposed to other workers) as
the destination to which to transfer to spatial partition 102j.

[0076] In some examples, simulation manager 120 may determine a current
operational mode for the spatial simulation, which reflects and a total amount of resource
utilization across the spatial simulation as a whole (e.g., across all workers assigned to the
spatial simulation). The current operational mode may be selected as one of a defined set of
operational modes. In the examples of FIGS. 12-14, the current operational mode may be
selected as one of operational modes 1214, which include worker scale-down, iterative
optimizing, maintenance, iterative rebalance, and scale-up. In some examples, both remote
spatial partition reassignment 111e and worker autoscaling 111f may be performed according
to heuristics associated with each of the operational modes 1214,

[0077] In scale-down mode, the resource utilization is so low that it becomes
advantageous to rearrange the spatial simulation to try to reset it to the starting set of
placements. This may include moving previously reassigned spatial partitions back to the
original workers to which they were originally assigned. The goals in scale-down mode may
include both optimizing placements on a subset of available workers. and also emptying out
some workers so they can eventually be removed. In scale-down mode, the simulation
manager 120 may have a long-term plan and may orchestrate movement of spatial partitions
in multiple phases, with the eventual goal of allowing spatial partitions to be re-merged.
Additionally, in scale-down mode, the simulation manager 120 may also prioritize packing a
subset of workers, and unpacking others, so it can down-scale and remove underutilized
workers. In some examples, the scale-down mode may be the only mode in which workers

are down-scaled.
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[0078] In iterative optimizing mode, utilization is low, but still high enough that
large-scale changes (e.g., large-scale partition reassignment) would be deemed disruptive.
The goal in iterative optimizing mode may be to optimize for merging partitions across
available workers. In iterative optimizing mode, the simulation manager 120 may perform
some limited amounts of spatial partition reassignments and make incremental changes to try
to encourage re-merging partitions. In iterative optimizing mode, simulation manager 120
may attempt to re-merge partitions, but may not downscale instances.

[0079] In the maintenance mode, utilization is within a window corresponding to
normal system utilization. In the maintenance mode, there may be no need to scale-up or
scale-down. This maintenance mode may be the default system state.

[0080] In the iterative rebalance mode, utilization is high, but still low enough that
there may be no need to scale-up and add new instances yet. The goal in the iterative
rebalance mode may be to transfer low-utilization spatial partitions onto other instances, such
as to achieve an approximately even distribution of resource utilization across workers.

[0081] In the scale-up mode, utilization is high and there may not be enough workers
to maintain a designated buffer on all workers. The goal in scale-up mode is to scale-up
workers, including finding workers whose resource utilization is spiking the most and
offloading spatial partitions from these overloaded workers to the newly added workers.

[0082] FIG. 15 is a flowchart illustrating an example local spatial partition
reassignment and application autoscaling process that may be used in accordance with the
present description. In some examples, any, or all, of operations 1510-1516 of FIG. 15 may
be executed by a worker, such as any of workers 103a-n of FIGS. 1-3. At operation 1510,
application workload information is received relating to a workload status of each application
in an executing application set allocated to a worker. The worker may execute in association
with a simulated space that is divided into a plurality of spatial partitions, wherein each
spatial partition of the plurality of spatial partitions is assigned to a corresponding application
that performs acts related to state associated with the spatial partition, and wherein at least
one spatial partition of the plurality of spatial partitions has a state dependency on at least one
other spatial partition of the plurality of spatial partitions.

[0083] As described above, a worker may receive application workload information

relating to a workload status of each application executing on the worker. In some examples,
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the application workload information may be provided by each application to the worker and
updated repeatedly. for example at a set time interval. The application workload information
may be used to determine whether a respective application is overloaded, healthy, or
underutilized. In some examples, the application workload information may explicitly
identify a respective application as being overloaded, healthy, or underutilized. Also, in
some examples, the application workload information may include other data that may be
used to determine whether the respective application is overloaded, healthy, or underutilized.
For example, in some cases, the application workload information may include information
about various metrics for a respective application (e.g., success/failure to meet deadlines,
total counts of entities in partitions assigned to the application, etc.) that may be used to
determine whether the respective application is overloaded, healthy, or underutilized. For
example, in some cases, an application may be considered to be overloaded if the total
quantity of entities in its assigned spatial partitions meets or exceeds an upper threshold.
Also, an application may be considered to be underutilized if the total quantity of entities in
its assigned spatial partitions is at or below a lower threshold. Also, an application may be
considered to be healthy if the total quantity of entities in its assigned spatial partitions is
between the upper and lower thresholds. In some examples, different customers of the
simulation service 190 may be able to configure different customer-specific metrics that are
to be analyzed, as well as different customer-specific characteristics of those metrics (e.g.,
upper thresholds, lower thresholds, etc.), that may be analyzed by a worker in order to
determine the workload status of respective applications.

[0084] At operation 1512, a second application is added to the executing application
set based at least in part on the application workload information. The second application
may be added to the executing application set dynamically during execution of a spatial
simulation. As described above, an application scaling determination may be performed
relating to changing an application quantity of the executing application set allocated to the
worker. The application scaling determination may be a decision to add the second
application to the executing application set. The second application may be added to the
executing application set based at least in part on determinations that at least one other
application of the executing application set is overloaded and no other application of the

executing application set is underutilized. It is noted that operation 1512 is shown in FIG. 15
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with dashed outline to show that it may be performed in application scale-up scenarios but
may not be performed in other scenarios (e.g., such as when no applications are overloaded
and/or when one or more applications are underutilized). For example, in some cases, when a
given application is overloaded and when no other applications on the same worker are
underutilized, then a determination may be made to perform an application scale-up by
adding an application to the worker. In the above-described example of FIG. 5, because
application 121¢ is overloaded and no other existing applications on worker 103a are
underutilized at time 551, a determination is made to scale-up and add an additional
application to worker 103a. As shown, at time 552, application 121d has been added to
worker 103a. In some examples, the second application may be added to the executing
application set by launching the second application on the worker and/or sending instructions
to launch the second application on the worker.

[0085] At operation 1514, a first spatial partition of the plurality of spatial partitions
is reassigned, based at least in part on the application workload information, from a first
application in the executing application set to a second application in the executing
application set. The first spatial partition may be reassigned dynamically during execution of
a spatial simulation. In some examples, the reassigning of the first spatial partition may be
based at least in part on a determination that the first application is overloaded. Additionally,
in some examples, the reassigning of the first spatial partition may be based at least in part on
a determination that the second application is underutilized or healthy. Furthermore, in some
examples, the reassigning of the first spatial partition may be based at least in part on an
exceeding of a minimum wait time between partition reassignments.

[0086] The reassigning of the first spatial partition at operation 1514 may be
performed in a variety of scenarios. For example, in some cases, the reassigning of the first
spatial partition at operation 1514 may be performed in combination with an application
scale-up operation, such as to add the second application to the executing application set
(e.g., in combination with operation 1512). In the above-described example of FIG. 5,
because application 121¢ is overloaded and no other existing applications on worker 103a are
underutilized at time 551, a determination is made to scale-up and add an additional

application to worker 103a. As shown, at time 552, application 121d has been added to
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worker 103a. Additionally, at time 552, in order to reduce the load on application 121¢,
spatial partition 102b has been reassigned from application 121c to application 121d.

[0087] The reassigning of the first spatial partition at operation 1514 may also be
performed in order to enable a subsequent application scale-down (e.g.. in combination with
operation 1516). In some examples, a worker may attempt to stack spatial partitions onto
some applications in order to cause other underutilized applications to have no remaining
spatial partitions, thereby allowing those other underutilized applications to be removed from
the worker. In the above-described example of FIG. 6, in order to empty application 121a
and allow its eventual removal (see FIG. 7), the worker 103a performs operation 650 to
reassign spatial partition 102a from application 121a to application 121d.

[0088] The reassigning of the first spatial partition at operation 1514 may be also
performed in scenarios when no applications are being added or removed. In this these
scenarios, a spatial partition may be reassigned from one existing application (e.g., an
existing application that is overloaded) to another existing application (e.g., an existing
application that is underutilized or healthy). In some examples, the worker may first attempt
to reassign the spatial partition from an overloaded application to an underutilized
application. Also, in some examples, if there are no underutilized applications on the worker,
the worker may then attempt to reassign the spatial partition from an overloaded application
to a healthy application. In the example of FIG. 4, in order to reduce the workload on
application 121a (which is overloaded at time 451), the worker 103a performs operation 450
to reassign spatial partition 102b from application 121a to application 121¢ (which is
underutilized at time 451). Time 452 represents a time after performance of operation 450.
As shown, at time 452, spatial partition 102b has been reassigned (via operation 450) from
application 121ato application 121c.

[0089] In some examples, the reassigning of the first spatial partition at operation
1514 may include sub-operations 1514a-b. Specifically, at sub-operation 1514a, a signal is
sent, to the first application, indicating that the first application has lost ownership of the first
spatial partition. For example, for operation 450 of FIG. 4, worker 103a may send a signal to
application 121ato indicate that application 121a has lost ownership of spatial partition 102b.
Additionally, at sub-operation 1514b, a signal is sent, to the second application, indicating

that the second application has gained ownership of the first spatial partition. For example,
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for operation 450 of FIG. 4, worker 103a may send a signal to application 121c¢ to indicate
that application 121c¢ has gained ownership of spatial partition 102b.

[0090] At operation 1516, the first application is removed from the executing
application set based at least in part on the application workload information. The first
application may be removed from the executing application set dynamically during execution
of a spatial simulation. As described above. an application scaling determination may be
performed relating to changing an application quantity of the executing application set
allocated to the worker. The application scaling determination may be a decision to remove
the first application from the executing application set. The first application may be removed
from the executing application set based at least in part on determinations that no partitions
are assigned to the first application and at least one other application of the executing
application set is underutilized. It is noted that operation 1516 is shown in FIG. 15 with
dashed outline to show that it may be performed in application scale-down scenarios but may
not be performed in other scenarios (e.g., such as when no applications are empty and/or
underutilized). For example, in some cases, when a first application has no partitions and at
least one other application of the executing application set is underutilized, then a
determination may be made to perform an application scale-down removing the first
application from the worker. In the above-described example of FIG. 7, at time 751,
application 121a has no assigned partitions and application 121¢ is underutilized. Based on
this, a determination is made to scale-down and remove application 121a from worker 103a.
As shown, at time 552, application 121a has been removed from worker 103a. In some
examples, the second application may be removed from the executing application set by
ceasing to execute the second application on the worker and/or sending instructions to cease
execution of the second application on the worker.

[0091] FIG. 16is a flowchart illustrating an example spatial partition manipulation
process that may be used in accordance with the present description. At operation 1610, a
first worker of a plurality of workers receives spatial partition data saturation information
relating to one or more spatial partitions assigned to one or more applications allocated to the
first worker. The plurality of workers may execute in association with a simulated space that
is divided into a plurality of spatial partitions, wherein each spatial partition of the plurality of

spatial partitions is assigned to a corresponding application that performs acts related to state



WO 2025/006754 PCT/US2024/035827
38

associated with the spatial partition, and wherein at least one spatial partition of the plurality
of spatial partitions has a state dependency on at least one other spatial partition of the
plurality of spatial partitions. In some examples, the spatial partition data saturation
information may be provided by each application to the worker and updated repeatedly, for
example at a set time interval. The spatial partition data saturation information may be used
to determine whether at least one of the one or more spatial partitions requires splitting, has
an acceptable amount of data saturation, or is available for merging. In some examples, the
spatial partition data saturation information may be collected and provided by an application
to which a given spatial partition is assigned.

[0092] In some examples, the spatial partition data saturation information may
explicitly identify a respective spatial partition as requiring splitting, having an acceptable
amount of data saturation, or being available for merging. Also, in some examples, the
spatial partition data saturation information may include other data that may be used to
determine whether the respective spatial partition requires splitting. has an acceptable amount
of data saturation, or is available for merging. For example, in some cases, the spatial
partition data saturation information may include information about various metrics for a
respective spatial partition (e.g., total counts of entities in the spatial partition, counts of
entities moving into and/or towards the spatial partition, counts of entities moving out of
and/or away from the spatial partition, etc.) that may be used to determine whether the
respective spatial partition requires splitting, has an acceptable amount of data saturation, or
is available for merging. In one specific example, a spatial partition having at or above an
upper threshold of entities may require splitting, a spatial partition having at or below a lower
threshold of entities may be available for merging, and a spatial partition that is between the
upper and lower thresholds of entities may have an acceptable amount of data saturation. In
some examples, different customers of the simulation service 190 may be able to configure
different customer-specific metrics that are to be analyzed, as well as different customer-
specific characteristics of those metrics (e.g., upper thresholds, lower thresholds, etc.), that
may be analyzed by a worker in order to determine whether a respective spatial partition
requires splitting, has an acceptable amount of data saturation, or is available for merging.

[0093] At operation 1612, the first worker performs, based at least in part on the

spatial partition data saturation information, a first partition manipulation, the first partition
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manipulation including splitting of a parent spatial partition of the one or more spatial
partitions into child spatial partitions or merging the child spatial partitions into the parent
spatial partition. The first partition manipulation may be performed dynamically during
execution of a spatial simulation. For example, in some cases, a parent spatial partition may
be split into a set of child spatial partitions that are each smaller than the parent spatial
partition. Additionally, a set of child spatial partitions may be merged into a parent spatial
partition that is larger than each of the child spatial partitions.

[0094] In some examples, a spatial partition may be split based at least in part on a
determination that the spatial partition requires splitting. For example, a spatial partition may
be split based at least in part on a determination that a spatial partition has at or above an
upper threshold of entities. In one specific example, a spatial partition may become highly
crowded, such as after a large quantity of entities have moved into the spatial partition. In
this scenario, the highly crowded spatial partition may require splitting. In the example of
FIG. 8. because it is oversaturated at time 851, spatial partition 102a is split into four child
partitions, which are spatial partitions 102al-102a4. In some examples, if a given spatial
partition is determined to require splitting, then a worker may attempt to split the spatial
partition subject to certain rules. For example, these rules may include a maximum depth,
which refers to a maximum quantity of ancestor partitions that are permitted to be split in
order to create a child partition. The rules may also include a maximum quantity of partition
slots, which refers to a maximum quantity of partitions that are permitted to be allocated to a
given worker. Additionally, because splits and merges are potentially disruptive to the spatial
simulation, a customer may request that a partition split or merge be delayed, such as until
performance of a specified operation. The simulation service 190 may then instruct the
worker to delay the split or merge based on the request. For example, a partition split may be
delayed until performance of a subsequent partition merge operation.

[0095] In some examples, all child spatial partitions of a common parent may be
merged based at least in part on a determination that all child spatial partitions of the common
parent are assigned to a same application of the one or more applications. Also, all child
spatial partitions of a common parent may be merged based at least in part on a determination
that all child spatial partitions of the common parent are available for merging. In some

cases, all child spatial partitions of a common parent may be merged based at least in part on
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determinations that all child spatial partitions of the common parent are assigned to a same
application of the one or more applications and that all child spatial partitions of the common
parent are available for merging. For example, in some cases, all child spatial partitions of a
common parent may be merged only when all child spatial partitions of the common parent
are assigned to a same application of the one or more applications and all child spatial
partitions of the common parent are available for merging. In some examples, one or more
child spatial partitions may be reassigned to be assigned to a same application as one or more
other of the child spatial partitions of a common parent based on a determination that all the
child spatial partitions of the common parent are available for merging.

[0096] In some examples, if all child partitions of the same former parent partition
are determined to be available for merging and are assigned to the same application, then the
worker may merge the child partitions back into the parent partition. By contrast, for
scenarios in which all child partitions of the same former parent partition are determined to
be available for merging but are not assigned to the same application, then the child partitions
may not be merged until they are co-located together on the same application. For example,
in some cases, the local spatial partition reassignment techniques described above may be
employed in order to reassign one or more of the child spatial partitions to the same
application as the other child spatial partitions and cause them to be co-located together on
the same application. FIG. 9 shows an example in which a child partition is reassigned from
one application to another in order to allow the child partition and its siblings to be merged
back into a parent partition. In the example of FIG 9, at time 951, spatial partitions 102al-
102a4, which are all of the siblings of a common parent spatial partition, all have statuses
802a-d of merge available. However, at time 951, although spatial partitions 102al-102a4
are all available to be merged, the spatial partitions 102al1-102a4 cannot be immediately
merged because they are not assigned to the same application. In the example of FIG. 9,
spatial partition 102a4 is reassigned from application 121a to application 121b. After spatial
partition 102a4 is reassigned from application 121a to application 121b, spatial partitions
102al1-102a4 may be merged back into spatial partition 102a. FIG. 10 shows an example in
which spatial partitions 102al-102a4 are merged back into spatial partition 102a.

[0097] At operation 1614, the first worker generates partition metadata associated

with the first partition manipulation. The partition metadata may indicate at least one of an
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identifier of a highest-level ancestor partition, an identifier of the parent spatial partition, a
partition depth, or a child spatial partition quantity. In some examples, in order to assist in
performance of partition merging operations, a collection of partition metadata may be
generated and associated with each child spatial partition. In the example of FIG. 8, partition
metadata 820 may be generated and associated with spatial partitions 102al-102a4, which are
children of spatial partition 102a. In this example, partition metadata 820 includes an
identifier of the oldest ancestor partition from which the spatial partitions 102al-102a4
descend, which is spatial partition 102a. Partition metadata 820 also includes an indication of
a depth (which refers to a quantity of ancestor partition(s) that were split in order to create the
child partition). In this example, the depth is one because only one ancestor partition (spatial
partition 102a) is split to create spatial partitions 102al-102a4. Partition metadata 820 also
includes an identifier of the parent partition from which the spatial partitions 102al-102a4
directly descend, which is spatial partition 102a. Partition metadata 820 also includes an
indication of a quantitv of child partitions that directly descend from the parent partition,
which is four.

[0098] At operation 1616, the first worker transmits, to a simulation manger, a
request for acceptance of the first partition manipulation, wherein the simulation manager
transmits indications of accepted partition manipulations to the plurality of workers. At
operation 1618, the first worker receives, from the simulation manager, the indications of the
accepted partition manipulations. As described above, during remote spatial partition
manipulation reporting 111d, indications of local spatial partition manipulations (e.g., splits
and merges) that are made on a given spatial partition may be reported, by the given partition,
to a simulation manager. The simulation manager may then report the partition
manipulations to each other worker associated with the simulated space. This reporting
assists the other workers, such as by allowing the other workers to properly identify the
manipulated spatial partitions and to properly communicate with those partitions (e.g., to
send. and request, state data to, and from, those partitions). As described above with
reference to FIG. 11, each worker 103a-n may individually submit, to the simulation manager
120, partition manipulation acceptance requests 1161 corresponding to each local spatial
partition manipulation (e.g., splits and merges) that is performed on that worker 103a-n. In

some examples, each of the partition manipulation acceptance requests 1161 may include an
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indication of the type of manipulation (e.g., split or merge) and indications of the parent and
child partitions involved in the manipulation. The simulation manager 120 may then choose
to accept or reject each of the partition manipulation acceptance requests 1161. In some
cases, the simulation manager 120 may choose to reject a given one of the partition
manipulation acceptance requests 1161 when there is state on other workers that indicates
that the corresponding manipulation cannot be accepted. For example, this may occur when a
partition split would cause the global quantity of spatial partitions throughout the simulated
space 100 to exceed a customer-specified threshold. The simulation manager 120 may send
partition manipulation acceptance results 1162 to workers 103a-n, such as via a broadcast to
all of the workers 103a-n. In some examples, each of the partition manipulation acceptance
results 1162 may include an indication of the type of manipulation (e.g., split or merge),
indications of the parent and child partitions involved in the manipulation, and indications of
whether the corresponding acceptance request for the manipulation is accepted or rejected. In
some examples, the simulation manager 120 may periodically issue reports that are broadcast
to each worker 103a-n. Each report may provide a group of partition manipulation
acceptance results 1162 that have been issued subsequent to the previous report.

[0099] At operation 1620, the first worker may send and/or receive state data based
on the indications of the accepted partition manipulations. For example, a first spatial
partition on the first worker may have a subscription to receive state data from a second
spatial partition on a second worker. However, if the second spatial partition is merged or
split, then this may result in a change to the spatial partition to which the first spatial partition
is subscribed. Similarly, in some examples, the second spatial partition on the second worker
may have a subscription to receive state data from the first spatial partition on the first
worker. However, if the first spatial partition is merged or split, then this may result in a
change to the spatial partition to which the second spatial partition is subscribed. The
subscription may therefore be adjusted based on the split or the merger, such as to subscribe
to one or more child partitions (or portions thereof) after a split or to subscribe to a parent
partition (or portions thereof) after a merger.

[0100] FIG. 17 is a flowchart illustrating an example remote spatial partition
reassignment and worker autoscaling process that may be used in accordance with the present

description. In some examples, any, or all, of operations 1710-1718 of FIG. 17 may be
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performed by simulation manager 120. At operation 1710, worker-level resource
consumption information is received for each worker of a plurality of workers. The plurality
of workers may execute in association with a simulated space that is divided into a plurality
of spatial partitions, wherein each spatial partition of the plurality of spatial partitions is
owned by a corresponding worker of the plurality of workers, and wherein at least one spatial
partition of the plurality of spatial partitions has a state dependency on at least one other
spatial partition of the plurality of spatial partitions. The plurality of workers may therefore
be used to implement the spatial simulation. As described above with reference to FIG. 12,
each of workers 103a-n may report, to the simulation manager 120, worker-level resource
consumption information 1212. In some examples, the worker-level resource consumption
information 1212 may be updated repeatedly, for example at a set time interval.

[0101] The worker-level resource consumption information 1212 may be used to
determine whether a respective worker is overloaded, healthy, or underutilized. In some
examples, the worker-level resource consumption information 1212 may explicitly identify a
respective worker as being overloaded, healthy, or underutilized. Also, in some examples,
the worker-level resource consumption information 1212 may include other data that may be
used to determine whether the respective worker is overloaded, healthy, or underutilized. For
example, each worker may have a selected number of application slots for applications and a
selected number of partition slots for spatial partitions. The worker-level resource
consumption information 1212 may comprise indications of how many of a respective
worker’s application slots are at least one of used or available. The worker-level resource
consumption information 1212 may also comprise indications of how many of a respective
worker’s partition slots are at least one of used or available. For a given worker, the worker-
level resource consumption information 1212 may include, for example, indications of how
many of the worker’s application slots are currently being used by executing applications,
indications of how many of the worker’s application slots are available for additional
applications, indications of how many of the worker’s partition slots are currently being used
by local spatial partitions, indications of how many of the worker’s partition slots are
currently being used by remotely-owned replicated spatial partitions, indications of how
many of the worker’s partition slots are available for additional spatial partitions, breakdowns

of data emissions from the worker to other workers (e.g., an egress map with a rolling
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average based on a selected prior time period), breakdowns of data ingress to the worker to
other workers (e.g., an ingress map with a rolling average based on a selected prior time
period), and other information. In some examples, a worker may be considered to be
overloaded when the quantity of applications that it owns exceeds a configurable threshold
and/or when the quantity of spatial partitions that it owns exceeds a configurable threshold.
For example, this may occur when the worker has started to use its application buffer space
and/or its spatial partition buffer space, such as to mitigate a utilization spike associated with
the spatial simulation.

[0102] At operation 1712, partition information is received for each locally owned
spatial partition of each worker of the plurality of workers. As described above with
reference to FIG. 12, each of workers 103a-n may report, to the simulation manager 120,
partition information 1211. In some examples, the partition information 1211 may be
updated repeatedly, for example at a set time interval. For a given worker, the partition
information 1211 may include information for each locally owned spatial partition, which is
each spatial partition owned by the given worker. The partition information 1211 may
comprise data saturation information for each locally owned spatial partition. For a given
spatial partition, the partition information 1211 may include indications of data saturation
amounts for the spatial partition. In some examples, the indications of data saturation
amounts for the spatial partition may include a value from zero to N that describes how full
the partition is. In one specific example, a value of zero may indicate that a partition is
empty. Additionally, value of 1.0 may represent the most data one shard can have.
Additionally, values greater than 1.0 may also be used to allow for a scenario in which a
spatial partition has been split, but the split has not vet been indicated to the simulation
manager 120. For example, the value 2.0 may represent the most data two shards can have.

[0103] The partition information 1211 may comprise partition relationship
information (e.g., an ingress map) indicating one or more other spatial partitions on which
each locally owned spatial partition has state dependencies. For example, the partition
relationship information may indicate one or more other spatial partitions from which each
locally owned spatial partition receives state data. The partition relationship information may
also indicate one or more other spatial partitions to which each locally owned spatial partition

sends state data. The partition relationship information may comprise weights indicating
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spatial proportions of the one or more other spatial partitions on which each locally owned
spatial partition has state dependencies. For example, a small weight (e.g., a weight of zero)
may indicate that a spatial partition has a state dependency on only a small portion of another
spatial partition. By contrast, a large weight (e.g., a weight of 1.0) may indicate that a spatial
partition has a state dependency on a large portion, or all, of another spatial partition. In
some examples, it may be difficult to determine an exact amount of data that is being
replicated from one spatial partition to another, and weighting of spatial proportions in this
manner may provide an effective estimation of the amount of data that is being transmitted.
Also. in some examples, a partition-to-partition dependency graph may be generated based at
least in part on the partition relationship information. The partition-to-partition dependency
graph may indicate which spatial partitions have a state dependency on which other spatial
partitions, as well as estimations of the amount of data being transmitted and received
between spatial partitions.

[0104] At operation 1714, one or more worker scaling instructions related to adding
an additional worker to the plurality of workers are issued based at least in part on the
worker-level resource consumption information (e.g., for worker scale-up scenarios, such as
shown in FIG. 13). The additional worker may be added dynamically during execution of the
spatial simulation. As described above, in some examples, one or more worker scaling
instructions related to changing a quantity of the plurality of workers may be issued based at
least in part on the worker-level resource consumption information. Additionally, in some
examples (e.g., for worker scale-up scenarios), the one or more worker scaling instructions
may relate to adding the additional worker to the plurality of workers. It is noted that
operation 1714 is shown in FIG. 17 with dashed outline to show that it may be performed in
worker scale-up scenarios but may not be performed in other scenarios (e.g., such as when no
workers are overloaded and/or when one or more workers are underutilized). Additional
workers may be added in response to increased load. For example, in some cases, when one
or more workers are overloaded and when no other workers have available capacity to
receive additional spatial partitions (e.g., there are no underutilized workers), the simulation
manager 120 may determine to add an additional worker to the spatial simulation. An
example worker scale-up is described above with reference to FIG. 13. Specifically, at time

1351, worker 103a has a status 1201a of overloaded, and worker 103b has a status 1201b of
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overloaded. Additionally, at time 1351, worker-level resource consumption information
1212 may indicate that no other existing workers have available capacity to receive additional
spatial partitions (e.g., there are no underutilized workers). Based on this information,
simulation manager 120 may determine to perform a worker scale-up to add an additional
worker (worker 103¢) to the spatial simulation. As shown, at time 1352, worker 103¢ has
been added to the spatial simulation.

[0105] At operation 1716, based at least in part on the worker-level resource
consumption information and the partition information, one or more partition reassignment
instructions are issued related to reassigning ownership of a first spatial partition of the
plurality of spatial partitions from a first worker of the plurality of workers to an additional
worker of the plurality of workers. As described above, the simulation manager 120 may use
the worker-level resource consumption information 1212 and the partition information 1211
to determine, if, and when, to perform a remote spatial partition reassignment, and also
determine the spatial partition to reassign and specific workers from which, and to which, to
reassign the spatial partition.

[0106] In one specific example, the simulation manager 120 may create and
complete a partition reassignment operation via two phases associated with a source worker
(the worker from which the spatial partition is being reassigned) and a destination worker (the
worker to which the spatial partition is being reassigned). In a first phase, an additional
assignment mapping may be created that maps the spatial partition being reassigned to the
destination worker. The additional assignment mapping may be configured with a
destination flag and may be included in an update that is broadcast to all workers. The spatial
partition may already be mapped to the source worker via an original assignment mapping
that includes an owner flag. In a second phase, the destination flag in the additional
assignment mapping may be replaced with an owner flag, and the owner flag in the original
assignment mapping may be removed.

[0107] During the first phase, the source worker may receive the additional
assignment mapping. In response to the additional assignment mapping, the source worker
may replicate the state associated with the reassigned spatial partition to the destination
worker. The destination worker may receive the state data and ensure that an application is

available to process it (though no updates are made). During the second phase, the new
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destination worker may set its spatial partition as writable by the application. Additionally,
the source worker may set its spatial partition as read-only and may remove ownership from
its application. The source worker may then clean-up the partition.

[0108] The reassigning of ownership of the first spatial partition at operation 1716
may be performed in a variety of scenarios. For example, in some cases, the reassigning of
ownership of the first spatial partition at operation 1716 may be performed in combination
with a worker scale-up operation, such as to add the additional worker to the plurality of
workers (e.g., in combination with operation 1714). In the above-described example of FIG.
13, because workers 103a and 103b are overloaded and no other existing workers have
available capacity to receive additional spatial partitions (e.g., there are no underutilized
workers) at time 1351, a determination is made to scale-up and add an additional worker. As
shown, at time 1352, worker 103¢ has been added to the spatial simulation. Additionally, at
time 1352, in order to reduce the load on worker 103a, spatial partition 102j has been
reassigned from worker 103a to worker 103¢. Furthermore, at time 1352, in order to reduce
the load on worker 103b, spatial partition 102d has been reassigned from worker 103b to
worker 103c.

[0109] The reassigning of ownership of the first spatial partition at operation 1716
may also be performed in order to enable a subsequent worker scale-down (e.g., in
combination with operation 1718). In some examples, the simulation manager 120 may
attempt to stack spatial partitions onto some workers in order to cause other underutilized
workers to have no remaining spatial partitions, thereby allowing those other underutilized
workers to be removed from the spatial simulation. In the above-described example of FIG.
14, in order to empty worker 103¢ and allow its eventual removal, the operation 1450 is
performed to reassign spatial partition 102j from worker 103¢ to worker 103a.

[0110] The reassigning of ownership of the first spatial partition at operation 1716
may be also performed in scenarios when no workers are being added or removed. In this
these scenarios, a spatial partition may be reassigned from one existing worker (e.g., an
existing worker that is overloaded) to another existing worker (e.g.. an existing worker that is
underutilized or healthy). In some examples, the simulation manager 120 may use the
partition information 1211 to select a particular spatial partition to reassign from the

overloaded worker and to select another worker to which to reassign the spatial partition. As
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described above, FIG. 12 shows an example in which worker 103a is overloaded, and
operation 1250 is performed to move spatial partition 102j from worker 103a to worker 103b
in order to reduce the operational load on worker 103a.

[0111] In some examples, a resource impact associated with the reassigning of the
ownership of the first spatial partition from the first worker to the additional worker may be
determined, wherein the one or more partition reassignment instructions are issued based at
least in part on the resource impact. For example, in some cases, the simulation manager 120
may use the partition information 1211 to determine a resource impact for reassigning each of
the spatial partitions from an overloaded worker to another worker. For example, in some
cases, it may be determined that a given spatial partition on an overloaded worker is sending
large amounts of data to another spatial partition on another worker. In this scenario, there
may be a large positive resource impact associated with transferring that spatial partition to
the other worker, such as because the amount of data that is transferred between workers may
be reduced. Thus, in this scenario, it may be advantageous to transfer that spatial partition to
the other worker. In the example of FIG. 12, the partition information 1211 may indicate that
spatial partition 102j is sending large amounts of data to spatial partition 102d. Based on this
information, the simulation manager 120 may determine that it would be advantageous to
have spatial partitions 102j and 102d located together on the same worker, such as to reduce
the amount of data that needs to be replicated between workers. Thus, the simulation
manager 120 may select spatial partition 102j (e.g., as opposed to another spatial partition on
worker 103a) to transfer to worker 103b. By moving spatial partition 102j to worker 103b,
the simulation manager may reduce the load on worker 103a and also reduce the amount of
data that is transferred between workers 103a and 103b.

[0112] At operation 1718, one or more worker scaling instructions related to
removing the first worker from the plurality of workers are issued based at least in part on the
worker-level resource consumption information (e.g., for worker scale-down scenarios, such
as shown in FIG. 14). The first worker may be removed dynamically during execution of the
spatial simulation. As described above, in some examples, one or more worker scaling
instructions related to changing a quantity of the plurality of workers may be issued based at
least in part on the worker-level resource consumption information. Additionally, in some

examples (e.g.. for worker scale-down scenarios), the one or more worker scaling instructions



WO 2025/006754 PCT/US2024/035827
49

may relate to removing the first worker from the plurality of workers. It is noted that
operation 1718 is shown in FIG. 17 with dashed outline to show that it may be performed in
worker scale-down scenarios but may not be performed in other scenarios (e.g., such as when
no workers are empty and/or underutilized). Existing workers may be removed in response
to decreased load. For example, in some cases, when no spatial partitions are assigned to a
given worker, the simulation manager 120 may determine to remove the given worker from
the spatial simulation. Additionally, in some examples, the simulation manager 120 may
attempt to empty out underutilized workers in order to cause those workers to have no
remaining spatial partitions, thereby allowing those workers to be removed from the spatial
simulation. In the above-described example of FIG. 14, in order to empty worker 103¢ and
allow its eventual removal, the operation 1450 is performed to reassign spatial partition 102;
from worker 103¢ to worker 103b. As shown, at time 1452, spatial partition 102j has been
moved from worker 103¢ to worker 103b . This causes worker 103¢ to be empty (e.g., to
have no assigned spatial partitions) and may allow worker 103¢ to be eventually removed
from the spatial simulation.

[0113] When reassigning spatial partitions to newly added workers, and when
reassigning spatial partitions from underutilized workers to allow removal of those workers,
the simulation manager 120 may also use the partition information 1211 to determine a
resource impact for reassigning each of the spatial partitions between workers. For example,
the simulation manager 120 may use the resource impact determinations to select a particular
spatial partition to reassign from an overloaded worker to a new worker. Additionally, the
simulation manager may use the resource impact determinations to select one or more other
workers to which to reassign spatial partitions from an underutilized worker that is being
emptied-out for removal.

[0114] In some examples, a current operational mode may be determined in which
the simulated space is operating, wherein at least one of the one or more partition
reassignment instructions or the one or more worker scaling instructions are issued based at
least in part on the current operational mode. As described above, simulation manager 120
may determine a current operational mode for the spatial simulation, which reflects and a
total amount of resource utilization across the spatial simulation as a whole (e.g., across all

workers assigned to the spatial simulation). The current operational mode may be selected as
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one of a defined set of operational modes. In the examples of FIGS. 12-14, the current
operational mode may be selected as one of operational modes 1214, which include worker
scale-down, iterative optimizing, maintenance, iterative rebalance, and scale-up. In some
examples, both remote spatial partition reassignment 111e and worker autoscaling 111f may
be performed according to heuristics associated with each of the operational modes 1214.
Some examples of these heuristics are described above and not repeated here.

[0115] An example system for transmitting and providing data will now be
described in detail. In particular, FIG. 18 illustrates an example computing environment in
which the embodiments described herein may be implemented. FIG. 18 is a diagram
schematically illustrating an example of a data center 85 that can provide computing
resources to users 70a and 70b (which may be referred herein singularly as user 70 or in the
plural as users 70) via user computers 72a and 72b (which may be referred herein singularly
as computer 72 or in the plural as computers 72) via a communications network 73. Data
center 85 may be configured to provide computing resources for executing applications on a
permanent or an as-needed basis. The computing resources provided by data center 85 may
include various types of resources, such as gateway resources, load balancing resources,
routing resources, networking resources, computing resources, volatile and non-volatile
memory resources, content delivery resources, data processing resources, data storage
resources, data communication resources and the like. Each type of computing resource may
be available in a number of specific configurations. For example, data processing resources
may be available as virtual machine instances that may be configured to provide various web
services. In addition, combinations of resources may be made available via a network and
may be configured as one or more web services. The instances mayv be configured to execute
applications, including web services, such as application services, media services, database
services, processing services, gateway services, storage services, routing services, security
services, encryption services, load balancing services, application services and the like.
These services may be configurable with set or custom applications and may be configurable
in size, execution, cost, latency, type, duration, accessibility and in any other dimension.
These web services may be configured as available infrastructure for one or more clients and
can include one or more applications configured as a platform or as software for one or more

clients. These web services may be made available via one or more communications
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protocols. These communications protocols may include, for example, hypertext transfer
protocol (HTTP) or non-HTTP protocols. These communications protocols may also
include, for example, more reliable transport layer protocols, such as transmission control
protocol (TCP), and less reliable transport layer protocols, such as user datagram protocol
(UDP). Data storage resources may include file storage devices, block storage devices and
the like.

[0116] Each type or configuration of computing resource may be available in
different sizes, such as large resources—consisting of many processors, large amounts of
memory and/or large storage capacity—and small resources—consisting of fewer processors,
smaller amounts of memory and/or smaller storage capacity. Customers may choose to
allocate a number of small processing resources as web servers and/or one large processing
resource as a database server, for example.

[0117] Data center 85 may include servers 76a and 76b (which may be referred
herein singularly as server 76 or in the plural as servers 76) that provide computing resources.
These resources may be available as bare metal resources or as virtual machine instances 78a-
b (which may be referred herein singularly as virtual machine instance 78 or in the plural as
virtual machine instances 78). In this example, the resources also include simulated space
autoscaling (SSAVM’s) 79a-b, which are virtual machines that are configured to execute any,
or all, of the simulated space autoscaling techniques described above.

[0118] The availability of virtualization technologies for computing hardware has
afforded benefits for providing large scale computing resources for customers and allowing
computing resources to be efficiently and securely shared between multiple customers. For
example, virtualization technologies may allow a physical computing device to be shared
among multiple users by providing each user with one or more virtual machine instances
hosted by the physical computing device. A virtual machine instance may be a software
emulation of a particular physical computing system that acts as a distinct logical computing
svstem. Such a virtual machine instance provides isolation among multiple operating
systems sharing a given physical computing resource. Furthermore, some virtualization
technologies may provide virtual resources that span one or more physical resources, such as
a single virtual machine instance with multiple virtual processors that span multiple distinct

physical computing systems.
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[0119] Referring to FIG. 18, communications network 73 may, for example, be a
publicly accessible network of linked networks and possibly operated by various distinct
parties, such as the Internet. In other embodiments, communications network 73 may be a
private network, such as a corporate or university network that is wholly or partially
inaccessible to non-privileged users. In still other embodiments, communications network 73
may include one or more private networks with access to and/or from the Intemet.

[0120] Communication network 73 may provide access to computers 72. User
computers 72 may be computers utilized by users 70 or other customers of data center 85. For
instance, user computer 72a or 72b may be a server, a desktop or laptop personal computer, a
tablet computer, a wireless telephone, a personal digital assistant (PDA), an e-book reader. a
game console, a set-top box or any other computing device capable of accessing data center
85. User computer 72a or 72b may connect directly to the Internet (e.g., via a cable modem or
a Digital Subscriber Line (DSL)). Although only two user computers 72a and 72b are
depicted, it should be appreciated that there may be multiple user computers.

[0121] User computers 72 may also be utilized to configure aspects of the
computing resources provided by data center 85. In this regard, data center 85 might provide
a gateway or web interface through which aspects of its operation may be configured through
the use of a web browser application program executing on user computer 72. Alternately, a
stand-alone application program executing on user computer 72 might access an application
programming interface (API) exposed by data center 85 for performing the configuration
operations. Other mechanisms for configuring the operation of various web services available
at data center 85 might also be utilized.

[0122] Servers 76 shown in FIG. 18 mayv be servers configured appropriately for
providing the computing resources described above and may provide computing resources for
executing one or more web services and/or applications. In one embodiment, the computing
resources may be virtual machine instances 78. In the example of virtual machine instances,
each of the servers 76 may be configured to execute an instance manager 80a or 80b (which
may be referred herein singularly as instance manager 80 or in the plural as instance
managers 80) capable of executing the virtual machine instances 78. The instance managers
80 may be a virtual machine monitor (VMM) or another type of program configured to

enable the execution of virtual machine instances 78 on server 76, for example. As discussed
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above, each of the virtual machine instances 78 mayv be configured to execute all or a portion
of an application.

[0123] It should be appreciated that although the embodiments disclosed above
discuss the context of virtual machine instances, other types of implementations can be
utilized with the concepts and technologies disclosed herein. For example, the embodiments
disclosed herein might also be utilized with computing systems that do not utilize virtual
machine instances.

[0124] In the example data center 85 shown in FIG. 18, a router 71 may be utilized
to interconnect the servers 76a and 76b. Router 71 may also be connected to gateway 74,
which is connected to communications network 73. Router 71 may be connected to one or
more load balancers, and alone or in combination may manage communications within
networks in data center 85, for example, by forwarding packets or other data communications
as appropriate based on characteristics of such communications (e.g., header information
including source and/or destination addresses, protocol identifiers, size. processing
requirements, etc.) and/or the characteristics of the private network (e.g., routes based on
network topology, etc.). It will be appreciated that, for the sake of simplicity, various aspects
of the computing systems and other devices of this example are illustrated without showing
certain conventional details. Additional computing systems and other devices may be
interconnected in other embodiments and may be interconnected in different ways.

[0125] In the example data center 85 shown in FIG. 18, a server manager 75 is also
employed to at least in part direct various communications to, from and/or between servers
76a and 76b. While FIG. 18 depicts router 71 positioned between gateway 74 and server
manager 75, this is merely an exemplary configuration. In some cases, for example, server
manager 75 may be positioned between gateway 74 and router 71. Server manager 75 may,
in some cases, examine portions of incoming communications from user computers 72 to
determine one or more appropriate servers 76 to receive and/or process the incoming
communications. Server manager 75 may determine appropriate servers to receive and/or
process the incoming communications based on factors such as an identity, location or other
attributes associated with user computers 72, a nature of a task with which the
communications are associated, a priority of a task with which the communications are

associated, a duration of a task with which the communications are associated, a size and/or
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estimated resource usage of a task with which the communications are associated and many
other factors. Server manager 75 may, for example, collect or otherwise have access to state
information and other information associated with various tasks in order to, for example,
assist in managing communications and other operations associated with such tasks.

[0126] It should be appreciated that the network topology illustrated in FIG. 18 has
been greatly simplified and that many more networks and networking devices may be utilized
to interconnect the various computing systems disclosed herein. These network topologies
and devices should be apparent to those skilled in the art.

[0127] It should also be appreciated that data center 85 described in FIG. 18 is
merely illustrative and that other implementations might be utilized. 1t should also be
appreciated that a server, gateway or other computing device may comprise any combination
of hardware or software that can interact and perform the described types of functionality,
including without limitation: desktop or other computers, database servers, network storage
devices and other network devices, PDAs, tablets. cellphones, wireless phones, pagers,
electronic organizers, Internet appliances, television-based systems (e.g., using set top boxes
and/or personal/digital video recorders) and various other consumer products that include
appropriate communication capabilities.

[0128] In at least some embodiments, a server that implements a portion or all of
one or more of the technologies described herein may include a computer system that
includes or is configured to access one or more computer-accessible media. FIG. 19 depicts a
computer system that includes or is configured to access one or more computer-accessible
media. In the illustrated embodiment, computing device 15 includes one or more processors
10a, 10b and/or 10n (which may be referred herein singularly as ““a processor 10 or in the
plural as “the processors 10”) coupled to a system memory 20 via an input/output (I/0)
interface 30. Computing device 15 further includes a network interface 40 coupled to I/O
interface 30.

[0129] In various embodiments, computing device 15 may be a uniprocessor system
including one processor 10 or a multiprocessor system including several processors 10 (e.g..
two, four, eight or another suitable number). Processors 10 may be any suitable processors
capable of executing instructions. For example, in various embodiments, processors 10 may

be embedded processors implementing any of a variety of instruction set architectures (ISAs),
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such as the x86, PowerPC, SPARC or MIPS ISAs or any other suitable ISA. In
multiprocessor systems, each of processors 10 may commonly, but not necessarily.,
implement the same ISA.

[0130] System memory 20 may be configured to store instructions and data
accessible by processor(s) 10. In various embodiments, system memory 20 may be
implemented using any suitable memory technology, such as static random access memory
(SRAM), synchronous dynamic RAM (SDRAM), nonvolatile/Flash®-type memory or any
other type of memory. In the illustrated embodiment, program instructions and data
implementing one or more desired functions, such as those methods, techniques and data
described above, are shown stored within system memory 20 as code 25 and data 26.
Additionally, in this example, system memory 20 includes simulated space autoscaling
instructions 27, which are instructions for executing any, or all, of the simulated space
autoscaling techniques described above.

[0131] In one embodiment, 1/0 interface 30 may be configured to coordinate I/0
traffic between processor 10, system memory 20 and any peripherals in the device, including
network interface 40 or other peripheral interfaces. In some embodiments, I/O interface 30
may perform any necessary protocol, timing or other data transformations to convert data
signals from one component (e.g., system memory 20) into a format suitable for use by
another component (e.g., processor 10). In some embodiments, I/O interface 30 may include
support for devices attached through various types of peripheral buses, such as a variant of
the Peripheral Component Interconnect (PCI) bus standard or the Universal Serial Bus (USB)
standard, for example. In some embodiments, the function of I/O interface 30 may be split
into two or more separate components, such as a north bridge and a south bridge, for
example. Also, in some embodiments some or all of the functionality of I/0 interface 30,
such as an interface to system memory 20, may be incorporated directly into processor 10.

[0132] Network interface 40 may be configured to allow data to be exchanged
between computing device 15 and other device or devices 60 attached to a network or
networks 50, such as other computer systems or devices, for example. In various
embodiments, network interface 40 may support communication via any suitable wired or
wireless general data networks, such as types of Ethernet networks, for example.

Additionally, network interface 40 may support communication via
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telecommunications/telephony networks, such as analog voice networks or digital fiber
communications networks, via storage area networks such as Fibre Channel SANs (storage
area networks) or via any other suitable type of network and/or protocol.

[0133] In some embodiments, system memory 20 may be one embodiment of a
computer-accessible medium configured to store program instructions and data as described
above for implementing embodiments of the corresponding methods and apparatus.
However, in other embodiments, program instructions and/or data may be received, sent or
stored upon different types of computer-accessible media. Generally speaking, a computer-
accessible medium may include non-transitory storage media or memory media, such as
magnetic or optical media—e.g., disk or DVD/CD coupled to computing device 15 via /O
interface 30. A non-transitory computer-accessible storage medium may also include any
volatile or non-volatile media, such as RAM (e.g., SDRAM, DDR SDRAM, RDRAM,
SRAM, etc.), ROM (read only memory) etc., that may be included in some embodiments of
computing device 15 as system memory 20 or another type of memory. Further, a computer-
accessible medium may include transmission media or signals such as electrical,
electromagnetic or digital signals conveyed via a communication medium, such as a network
and/or a wireless link, such as those that may be implemented via network interface 40.

[0134] A network set up by an entity, such as a company or a public sector
organization, to provide one or more web services (such as various tvpes of cloud-based
computing or storage) accessible via the Internet and/or other networks to a distributed set of
clients may be termed a provider network. Such a provider network may include numerous
data centers hosting various resource pools, such as collections of physical and/or virtualized
computer servers, storage devices, networking equipment and the like, needed to implement
and distribute the infrastructure and web services offered by the provider network. The
resources may in some embodiments be offered to clients in various units related to the web
service, such as an amount of storage capacity for storage, processing capability for
processing, as instances, as sets of related services and the like. A virtual computing instance
may, for example, comprise one or more servers with a specified computational capacity
(which may be specified by indicating the type and number of CPUs, the main memory size
and so on) and a specified software stack (e.g., a particular version of an operating system,

which may in tum run on top of a hypervisor).
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[0135] A compute node, which may be referred to also as a computing node, may be
implemented on a wide variety of computing environments, such as commodity-hardware
computers, virtual machines, web services, computing clusters and computing appliances.
Any of these computing devices or environments may, for convenience, be described as
compute nodes.

[0136] A number of different types of computing devices may be used singly or in
combination to implement the resources of the provider network in different embodiments,
for example computer servers, storage devices, network devices and the like. In some
embodiments a client or user may be provided direct access to a resource instance, e.g., by
giving a user an administrator login and password. In other embodiments the provider
network operator may allow clients to specify execution requirements for specified client
applications and schedule execution of the applications on behalf of the client on execution
platforms (such as application server instances, Java" virtual machines (JVMs), general-
purpose or special-purpose operating systems, platforms that support various interpreted or
compiled programming languages such as Ruby. Perl, Python, C, C++ and the like or high-
performance computing platforms) suitable for the applications, without, for example,
requiring the client to access an instance or an execution platform directly. A given execution
platform may utilize one or more resource instances in some implementations; in other
implementations, multiple execution platforms may be mapped to a single resource instance.

[0137] In many environments, operators of provider networks that implement
different types of virtualized computing, storage and/or other network-accessible
functionality may allow customers to reserve or purchase access to resources in various
resource acquisition modes. The computing resource provider may provide facilities for
customers to select and launch the desired computing resources, deploy application
components to the computing resources and maintain an application executing in the
environment. The computing resources provided by the computing resource provider may be
made available in discrete units, which may be referred to as instances. An instance may
represent a physical server hardware platform, a virtual machine instance or other software
(e.g., container) executing on a server or some combination of the two. Various types and
configurations of instances may be made available, including different sizes of resources

executing different operating systems (OS) and/or hypervisors, and with various installed
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software applications, runtimes and the like. Instances may further be available in specific
availability zones, representing a logical region, a fault tolerant region, a data center or other
geographic location of the underlying computing hardware, for example. Instances may be
copied within an availability zone or across availability zones to improve the redundancy of
the instance, and instances may be migrated within a particular availability zone or across
availability zones. As one example, the latency for client communications with a particular
server in an availability zone may be less than the latency for client communications with a
different server. As such, an instance may be migrated from the higher latency server to the
lower latency server to improve the overall client experience.

[0138] In some embodiments the provider network may be organized into a plurality
of geographical regions, and each region may include one or more availability zones. An
availability zone (which may also be referred to as an availability container) in turn may
comprise one or more distinct locations or data centers, configured in such a way that the
resources in a given availability zone may be isolated or insulated from failures in other
availability zones. That is, a failure in one availability zone may not be expected to resultin a
failure in any other availability zone. Thus, the availability container of a resource instance is
intended to be independent of the availability container of a resource instance in a different
availability zone. Clients may be able to protect their applications from failures at a single
location by launching multiple application instances in respective availability zones. At the
same time, in some implementations inexpensive and low latency network connectivity may
be provided between resource instances that reside within the same geographical region (and
network transmissions between resources of the same availability zone may be even faster).

[0139] As set forth above, content may be provided by a content provider to one or
more clients. The term content, as used herein, refers to any presentable information, and the
term content item, as used herein, refers to any collection of any such presentable
information. A content provider may, for example, provide one or more content providing
services for providing content to clients. The content providing services may reside on one or
more servers. The content providing services may be scalable to meet the demands of one or
more customers and may increase or decrease in capability based on the number and type of
incoming client requests. Portions of content providing services may also be migrated to be

placed in positions of reduced latency with requesting clients. For example, the content
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provider may determine an “edge” of a system or network associated with content providing
services that is physically and/or logically closest to a particular client. The content provider
may then, for example, “spin-up,” migrate resources or otherwise employ components
associated with the determined edge for interacting with the particular client. Such an edge
determination process may, in some cases, provide an efficient technique for identifying and
employing components that are well suited to interact with a particular client, and may, in
some embodiments, reduce the latency for communications between a content provider and
one or more clients.

[0140] In addition, certain methods or process blocks may be omitted in some
implementations. The methods and processes described herein are also not limited to any
particular sequence, and the blocks or states relating thereto can be performed in other
sequences that are appropriate. For example, described blocks or states may be performed in
an order other than that specifically disclosed, or multiple blocks or states may be combined
in a single block or state. The example blocks or states may be performed in serial, in parallel
or in some other manner. Blocks or states may be added to or removed from the disclosed
example embodiments.

[0141] It will also be appreciated that various items are illustrated as being stored in
memory or on storage while being used. and that these items or portions thereof may be
transferred between memory and other storage devices for purposes of memory management
and data integrity. Alternatively, in other embodiments some or all of the software modules
and/or systems may execute in memory on another device and communicate with the
illustrated computing systems via inter-computer communication. Furthermore, in some
embodiments, some or all of the systems and/or modules may be implemented or provided in
other ways, such as at least partially in firmware and/or hardware, including, but not limited
to, one or more application-specific integrated circuits (ASICs), standard integrated circuits,
controllers (e.g., by executing appropriate instructions, and including microcontrollers and/or
embedded controllers), field-programmable gate arrays (FPGAs), complex programmable
logic devices (CPLDs), etc. Some or all of the modules. systems and data structures may also
be stored (e.g., as software instructions or structured data) on a computer-readable medium,
such as a hard disk, a memory, a network or a portable media article to be read by an

appropriate drive or via an appropriate connection. The systems, modules and data structures
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may also be transmitted as generated data signals (e.g., as part of a carrier wave or other
analog or digital propagated signal) on a variety of computer-readable transmission media,
including wireless-based and wired/cable-based media, and may take a variety of forms (e.g.,
as part of a single or multiplexed analog signal, or as multiple discrete digital packets or
frames). Such computer program products may also take other forms in other embodiments.
Accordingly, the present invention may be practiced with other computer system
configurations.

[0142] Additionally, embodiments of the present disclosure can be described in

view of the following clauses:

Clause 1. A computing system comprising:
one or more processors; and
one or more memories having stored therein instructions that, upon execution by the
one or more processors, cause the computing system to perform operations comprising:
receiving application workload information relating to a workload status of
each application in an executing application set allocated to a worker, wherein the
worker executes in association with a simulated space that is divided into a plurality
of spatial partitions, wherein each spatial partition of the plurality of spatial partitions
is assigned to a corresponding application that performs acts related to state associated
with the spatial partition, and wherein at least one spatial partition of the plurality of
spatial partitions has a state dependency on at least one other spatial partition of the
plurality of spatial partitions: and
reassigning, based at least in part on the application workload information, a
first spatial partition of the plurality of spatial partitions from a first application in the
executing application set to a second application in the executing application set,
wherein the reassigning of the first spatial partition comprises sending, to the first
application, a first signal indicating that the first application has lost ownership of the
first spatial partition and sending, to the second application, a second signal indicating

that the second application has gained ownership of the first spatial partition.
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Clause 2. The computing system of clause 1, wherein the reassigning of the first spatial

partition is based at least in part on a determination that the first application is overloaded.

Clause 3. The computing system of clause 1, wherein the reassigning of the first spatial
partition is based at least in part on a determination that the second application is

underutilized or healthy.

Clause 4. The computing system of clause 1, wherein the operations further comprise:
adding, based at least in part on the application workload information, the second

application to the executing application set.

Clause 5. The computing system of clause 1, wherein the operations further comprise:
removing, based at least in part on the application workload information, the first

application from the executing application set.

Clause 6. A computer-implemented method comprising:

receiving application workload information relating to a workload status of each
application in an executing application set allocated to a worker, wherein the worker executes
in association with a simulated space that is divided into a plurality of spatial partitions,
wherein each spatial partition of the plurality of spatial partitions is assigned to a
corresponding application that performs acts related to state associated with the spatial
partition, and wherein at least one spatial partition of the plurality of spatial partitions has a
state dependency on at least one other spatial partition of the plurality of spatial partitions;
and

reassigning, based at least in part on the application workload information, a first
spatial partition of the plurality of spatial partitions from a first application in the executing

application set to a second application in the executing application set.

Clause 7. The computer-implemented method of clause 6, wherein the reassigning of the
first spatial partition is based at least in part on a determination that the first application is

overloaded.
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Clause 8. The computer-implemented method of clause 6, wherein the reassigning of the
first spatial partition is based at least in part on a determination that the second application is

underutilized or healthy.

Clause 9. The computer-implemented method of clause 6, further comprising:
adding, based at least in part on the application workload information, the second

application to the executing application set.

Clause 10. The computer-implemented method of clause 9. wherein the adding of the
second application to the executing application set is based at least in part on determinations
that at least one other application of the executing application set is overloaded and no other

application of the executing application set is underutilized.

Clause 11. The computer-implemented method of clause 6, further comprising:
removing, based at least in part on the application workload information, the first

application from the executing application set.

Clause 12. The computer-implemented method of clause 11, wherein the removing of the
first application from the executing application set is based at least in part on determinations
that no partitions are assigned to the first application and at least one other application of the

executing application set is underutilized.

Clause 13. The computer-implemented method of clause 6, wherein the reassigning of the
first spatial partition is based at least in part on an exceeding of a minimum wait time

between partition reassignments.

Clause 14. The computer-implemented method of clause 6, wherein the reassigning of the
first spatial partition comprises sending, to the first application, a signal indicating that the

first application has lost ownership of the first spatial partition.
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Clause 15. The computer-implemented method of clause 6, wherein the reassigning of the
first spatial partition comprises sending, to the second application, a signal indicating that the

second application has gained ownership of the first spatial partition.

Clause 16. One or more non-transitory computer-readable storage media having stored
thereon computing instructions that, upon execution by one or more computing devices,
cause the one or more computing devices to perform operations comprising:

receiving application workload information relating to a workload status of each
application in an executing application set allocated to a worker, wherein the worker executes
in association with a simulated space that is divided into a plurality of spatial partitions,
wherein each spatial partition of the plurality of spatial partitions is assigned to a
corresponding application that performs acts related to state associated with the spatial
partition, and wherein at least one spatial partition of the plurality of spatial partitions has a
state dependency on at least one other spatial partition of the plurality of spatial partitions;
and

reassigning, based at least in part on the application workload information, a first
spatial partition of the plurality of spatial partitions from a first application in the executing

application set to a second application in the executing application set.

Clause 17. The one or more non-transitory computer-readable storage media of clause 16,
wherein the operations further comprise:
adding, based at least in part on the application workload information, the second

application to the executing application set.

Clause 18. The one or more non-transitory computer-readable storage media of clause 17,
wherein the adding of the second application to the executing application set is based at least
in part on determinations that at least one other application of the executing application set is

overloaded and no other application of the executing application set is underutilized.

Clause 19. The one or more non-transitory computer-readable storage media of clause 16,

wherein the operations further comprise:
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removing, based at least in part on the application workload information, the first

application from the executing application set.

Clause 20. The one or more non-transitory computer-readable storage media of clause 19,
wherein the removing of the first application from the executing application set is based at
least in part on determinations that no partitions are assigned to the first application and at

least one other application of the executing application set is underutilized.

Clause 21. A computing system comprising:
one or more processors; and
one or more memories having stored therein instructions that, upon execution by the
oneg or more processors, cause the computing system to perform operations comprising;

receiving, by a first worker of a plurality of workers, spatial partition data
saturation information relating to one or more spatial partitions assigned to one or
more applications allocated to the first worker, wherein the plurality of workers
execute in association with a simulated space that is divided into a plurality of spatial
partitions, wherein each spatial partition of the plurality of spatial partitions is
assigned to a corresponding application that performs acts related to state associated
with the spatial partition, and wherein at least one spatial partition of the plurality of
spatial partitions has a state dependency on at least one other spatial partition of the
plurality of spatial partitions:

performing, by the first worker, based at least in part on the spatial partition
data saturation information, a first partition manipulation, the first partition
manipulation including splitting of a parent spatial partition of the one or more spatial
partitions into child spatial partitions or merging the child spatial partitions into the
parent spatial partition; and

transmitting, by the first worker, to a simulation manger, a request for
acceptance of the first partition manipulation, wherein the simulation manager

transmits indications of accepted partition manipulations to the plurality of workers.

Clause 22. The computing system of clause 21, wherein the operations further comprise:
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generating partition metadata associated with the first partition manipulation, wherein
the partition metadata indicates at least one of an identifier of a highest-level ancestor
partition, an identifier of the parent spatial partition, a partition depth, or a child spatial
partition quantity.

Clause 23. The computing system of clause 21, wherein the merging of the child spatial
partitions is based at least in part on determinations that the child spatial partitions are all
assigned to a same application of the one or more applications and that all of the child spatial

partitions are available for merging.

Clause 24. The computing system of clause 21, wherein parent spatial partition is split
based at least in part on a determination that the parent spatial partition has at or above a

threshold of entities.

Clause 25. A computer-implemented method comprising:

receiving, by a first worker of a plurality of workers, spatial partition data saturation
information relating to one or more spatial partitions assigned to one or more applications
allocated to the first worker, wherein the plurality of workers execute in association with a
simulated space that is divided into a plurality of spatial partitions, wherein each spatial
partition of the plurality of spatial partitions is assigned to a corresponding application that
performs acts related to state associated with the spatial partition, and wherein at least one
spatial partition of the plurality of spatial partitions has a state dependency on at least one
other spatial partition of the plurality of spatial partitions: and

performing, by the first worker, based at least in part on the spatial partition data
saturation information, a first partition manipulation, the first partition manipulation
including splitting of a parent spatial partition of the one or more spatial partitions into child

spatial partitions or merging the child spatial partitions into the parent spatial partition.

Clause 26. The computer-implemented method of clause 25, further comprising:
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transmitting, by the first worker, to a simulation manger, a request for acceptance of
the first partition manipulation, wherein the simulation manager transmits indications of

accepted partition manipulations to the plurality of workers.

Clause 27. The computer-implemented method of clause 25, wherein the spatial partition
data saturation information is used to determine whether at least one of the one or more
spatial partitions requires splitting, has an acceptable amount of data saturation, or is

available for merging.

Clause 28. The computer-implemented method of clause 25, further comprising:

generating partition metadata associated with the first partition manipulation, wherein
the partition metadata indicates at least one of an identifier of a highest-level ancestor
partition, an identifier of the parent spatial partition, a partition depth, or a child spatial
partition quantity.

Clause 29. The computer-implemented method of clause 25, wherein the merging of the
child spatial partitions is based at least in part on a determination that the child spatial

partitions are all assigned to a same application of the one or more applications.

Clause 30. The computer-implemented method of clause 25, wherein the merging of the
child spatial partitions is based at least in part on a determination that all of the child spatial

partitions are available for merging.

Clause 31. The computer-implemented method of clause 25, further comprising:
reassigning one or more of the child spatial partitions to be assigned to a same
application as one or more other of the child spatial partitions based on a determination that

all of the child spatial partitions are available for merging.

Clause 32. The computer-implemented method of clause 25, wherein the parent spatial
partition is split based at least in part on a determination that the parent spatial partition has at

or above a threshold of entities.
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Clause 33. One or more non-transitory computer-readable storage media having stored
thereon computing instructions that, upon execution by one or more computing devices,
cause the one or more computing devices to perform operations comprising:

receiving, by a first worker of a plurality of workers, spatial partition data saturation
information relating to one or more spatial partitions assigned to one or more applications
allocated to the first worker, wherein the plurality of workers execute in association with a
simulated space that is divided into a plurality of spatial partitions, wherein each spatial
partition of the plurality of spatial partitions is assigned to a corresponding application that
performs acts related to state associated with the spatial partition, and wherein at least one
spatial partition of the plurality of spatial partitions has a state dependency on at least one
other spatial partition of the plurality of spatial partitions; and

performing, by the first worker, based at least in part on the spatial partition data
saturation information, a first partition manipulation, the first partition manipulation
including splitting of a parent spatial partition of the one or more spatial partitions into child

spatial partitions or merging the child spatial partitions into the parent spatial partition.

Clause 34. The one or more non-transitory computer-readable storage media of clause 33,
wherein the operations further comprise:

transmitting, by the first worker, to a simulation manger, a request for acceptance of
the first partition manipulation, wherein the simulation manager transmits indications of

accepted partition manipulations to the plurality of workers.

Clause 35. The one or more non-transitory computer-readable storage media of clause 33,
wherein the spatial partition data saturation information is used to determine whether at least
one of the one or more spatial partitions requires splitting, has an acceptable amount of data

saturation, or is available for merging.

Clause 36. The one or more non-transitory computer-readable storage media of clause 33,

wherein the operations further comprise:
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generating partition metadata associated with the first partition manipulation, wherein
the partition metadata indicates at least one of an identifier of a highest-level ancestor
partition, an identifier of the parent spatial partition, a partition depth, or a child spatial
partition quantity.

Clause 37. The one or more non-transitory computer-readable storage media of clause 33,
wherein the merging of the child spatial partitions is based at least in part on a determination
that the child spatial partitions are all assigned to a same application of the one or more

applications.

Clause 38. The one or more non-transitory computer-readable storage media of clause 33,
wherein the merging of the child spatial partitions is based at least in part on a determination

that all of the child spatial partitions are available for merging.

Clause 39. The one or more non-transitory computer-readable storage media of clause 33,
wherein the operations further comprise:

reassigning one or more of the child spatial partitions to be assigned to a same
application as one or more other of the child spatial partitions based on a determination that

all of the child spatial partitions are available for merging.

Clause 40. The one or more non-transitory computer-readable storage media of clause 33,
wherein parent spatial partition is split based at least in part on a determination that the parent

spatial partition has at or above a threshold of entities.

Clause 41. A computing system comprising:
one or more processors; and
one or more memories having stored therein computing instructions that, upon
execution by the one or more processors, cause the computing system to perform operations
comprising;
receiving, for each worker of a plurality of workers, worker-level resource

consumption information, wherein the plurality of workers execute in association with
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a simulated space that is divided into a plurality of spatial partitions, wherein each
spatial partition of the plurality of spatial partitions is owned by a corresponding
worker of the plurality of workers, and wherein at least one spatial partition of the
plurality of spatial partitions has a state dependency on at least one other spatial
partition of the plurality of spatial partitions:

receiving, for each locally owned spatial partition of each worker of the
plurality of workers, partition information;

issuing, based at least in part on the worker-level resource consumption
information, one or more worker scaling instructions related to changing a quantity of
the plurality of workers; and

issuing, based at least in part on the worker-level resource consumption
information and the partition information, one or more partition reassignment
instructions related to reassigning ownership of a first spatial partition of the plurality
of spatial partitions from a first worker of the plurality of workers to an additional

worker of the plurality of workers.

Clause 42.  The computing system of clause 41, wherein the one or more worker scaling

instructions relate to removing the first worker from the plurality of workers.

Clause 43. The computing system of clause 41, wherein the one or more worker scaling

instructions relate to adding the additional worker to the plurality of workers.

Clause 44. The computing system of clause 41, wherein the operations further comprise:
determining a current operational mode in which the simulated space is operating,
wherein at least one of the one or more partition reassignment instructions or the one or more

worker scaling instructions are issued based at least in part on the current operational mode.

Clause 45. The computing system of clause 41, wherein the operations further comprise:
determining a resource impact associated with the reassigning of the ownership of the
first spatial partition from the first worker to the additional worker, wherein the one or more

partition reassignment instructions are issued based at least in part on the resource impact.
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Clause 46. A computer-implemented method comprising:

receiving, for each worker of a plurality of workers, worker-level resource
consumption information, wherein the plurality of workers execute in association with a
simulated space that is divided into a plurality of spatial partitions, wherein each spatial
partition of the plurality of spatial partitions is owned by a corresponding worker of the
plurality of workers, and wherein at least one spatial partition of the plurality of spatial
partitions has a state dependency on at least one other spatial partition of the plurality of
spatial partitions;

receiving, for each locally owned spatial partition of each worker of the plurality of
workers, partition information; and

issuing, based at least in part on the worker-level resource consumption information
and the partition information, one or more partition reassignment instructions related to
reassigning ownership of a first spatial partition of the plurality of spatial partitions from a

first worker of the plurality of workers to an additional worker of the plurality of workers.

Clause 47. The computer-implemented method of clause 46, further comprising:
issuing, based at least in part on the worker-level resource consumption information,
one or more worker scaling instructions related to changing a quantity of the plurality of

workers.

Clause 48. The computer-implemented method of clause 47, wherein the one or more

worker scaling instructions relate to removing the first worker from the plurality of workers.

Clause 49. The computer-implemented method of clause 47, wherein the one or more

worker scaling instructions relate to adding the additional worker to the plurality of workers.

Clause 50. The computer-implemented method of clause 47, further comprising:
determining a current operational mode in which the simulated space is operating,
wherein at least one of the one or more partition reassignment instructions or the one or more

worker scaling instructions are issued based at least in part on the current operational mode.
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Clause 51. The computer-implemented method of clause 46, further comprising:
determining a resource impact associated with the reassigning of the ownership of the
first spatial partition from the first worker to the additional worker, wherein the one or more

partition reassignment instructions are issued based at least in part on the resource impact.

Clause 52. The computer-implemented method of clause 46, wherein the partition

information comprises data saturation information for each locally owned spatial partition.

Clause 53. The computer-implemented method of clause 46, wherein the partition
information comprises partition relationship information indicating one or more other spatial

partitions on which each locally owned spatial partition has state dependencies.

Clause 54. The computer-implemented method of clause 53, wherein the partition

information comprises a partition-to-partition dependency graph.

Clause 55. The computer-implemented method of clause 53, wherein the partition
relationship information comprises weights indicating spatial proportions of the one or more

other spatial partitions on which each locally owned spatial partition has state dependencies.

Clause 56. The computer-implemented method of clause 46, wherein the worker-level
resource consumption information comprises indications of how many of a respective

worker’s application slots are at least one of used or available.

Clause 57. The computer-implemented method of clause 46, wherein the worker-level
resource consumption information comprises indications of how many of a respective

worker’s partition slots are at least one of used or available.

Clause 58. One or more non-transitory computer-readable storage media having stored
thereon computing instructions that, upon execution by one or more computing devices,

cause the one or more computing devices to perform operations comprising:
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receiving, for each worker of a plurality of workers, worker-level resource
consumption information, wherein the plurality of workers execute in association with a
simulated space that is divided into a plurality of spatial partitions, wherein each spatial
partition of the plurality of spatial partitions is owned by a corresponding worker of the
plurality of workers, and wherein at least one spatial partition of the plurality of spatial
partitions has a state dependency on at least one other spatial partition of the plurality of
spatial partitions;

receiving, for each locally owned spatial partition of each worker of the plurality of
workers, partition information; and

issuing, based at least in part on the worker-level resource consumption information
and the partition information, one or more partition reassignment instructions related to
reassigning ownership of a first spatial partition of the plurality of spatial partitions from a

first worker of the plurality of workers to an additional worker of the plurality of workers.

Clause 59. The one or more non-transitory computer-readable storage media of clause 58,
wherein the operations further comprise:

determining a resource impact associated with the reassigning of the ownership of the
first spatial partition from the first worker to the additional worker, wherein the one or more

partition reassignment instructions are issued based at least in part on the resource impact.

Clause 60. The one or more non-transitory computer-readable storage media of clause 58,
wherein the partition information comprises partition relationship information indicating one

or more other partitions on which each locally owned spatial partition has state dependencies.

[0143] Conditional language used herein, such as. among others, “can,” “could,”

29 <C

“might.” “may.” “e.g.” and the like, unless specifically stated otherwise, or otherwise
understood within the context as used, is generally intended to convey that certain
embodiments include, while other embodiments do not include, certain features, elements,
and/or steps. Thus, such conditional language is not generally intended to imply that features,
elements and/or steps are in any way required for one or more embodiments or that one or

more embodiments necessarily include logic for deciding, with or without author input or
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prompting, whether these features. elements and/or steps are included or are to be performed
in any particular embodiment. The terms “‘comprising,” “including,” “having” and the like
are synonymous and are used inclusively, in an open-ended fashion, and do not exclude
additional elements, features, acts, operations and so forth. Also, the term “or” is used in its
inclusive sense (and not in its exclusive sense) so that when used, for example, to connect a
list of elements, the term “or” means one, some or all of the elements in the list.

[0144] While certain example embodiments have been described, these
embodiments have been presented by way of example only and are not intended to limit the
scope of the inventions disclosed herein. Thus, nothing in the foregoing description is
intended to imply that any particular feature, characteristic, step, module or block is
necessary or indispensable. Indeed, the novel methods and systems described herein may be
embodied in a variety of other forms; furthermore, various omissions, substitutions and
changes in the form of the methods and systems described herein may be made without
departing from the spirit of the inventions disclosed herein. The accompanying claims and
their equivalents are intended to cover such forms or modifications as would fall within the

scope and spirit of certain of the inventions disclosed herein.
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CLAIMS
WHAT IS CLAIMED IS:
1. A computer-implemented method comprising:

receiving application workload information relating to a workload status of each
application in an executing application set allocated to a worker, wherein the worker executes
in association with a simulated space that is divided into a plurality of spatial partitions,
wherein each spatial partition of the plurality of spatial partitions is assigned to a
corresponding application that performs acts related to state associated with the spatial
partition, and wherein at least one spatial partition of the plurality of spatial partitions has a
state dependency on at least one other spatial partition of the plurality of spatial partitions;
and

reassigning, based at least in part on the application workload information, a first
spatial partition of the plurality of spatial partitions from a first application in the executing

application set to a second application in the executing application set.

2. The computer-implemented method of claim 1, wherein the reassigning of the first
spatial partition is based at least in part on a determination that the first application is

overloaded.

3. The computer-implemented method of claim 1, wherein the reassigning of the first
spatial partition is based at least in part on a determination that the second application is

underutilized or healthy.

4. The computer-implemented method of claim 1, wherein the reassigning of the first
spatial partition comprises sending, to the first application, a signal indicating that the first

application has lost ownership of the first spatial partition.

5. The computer-implemented method of claim 1, wherein the reassigning of the first
spatial partition comprises sending, to the second application, a signal indicating that the

second application has gained ownership of the first spatial partition.
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6. One or more non-transitory computer-readable storage media having stored thereon
computing instructions that, upon execution by one or more computing devices, cause the one
or more computing devices to perform operations comprising;

receiving, by a first worker of a plurality of workers, spatial partition data saturation
information relating to one or more spatial partitions assigned to one or more applications
allocated to the first worker, wherein the plurality of workers execute in association with a
simulated space that is divided into a plurality of spatial partitions, wherein each spatial
partition of the plurality of spatial partitions is assigned to a corresponding application that
performs acts related to state associated with the spatial partition, and wherein at least one
spatial partition of the plurality of spatial partitions has a state dependency on at least one
other spatial partition of the plurality of spatial partitions; and

performing, by the first worker, based at least in part on the spatial partition data
saturation information, a first partition manipulation, the first partition manipulation
including splitting of a parent spatial partition of the one or more spatial partitions into child

spatial partitions or merging the child spatial partitions into the parent spatial partition.

7. The one or more non-transitory computer-readable storage media of claim 6, wherein
the operations further comprise:

transmitting, by the first worker, to a simulation manger, a request for acceptance of
the first partition manipulation, wherein the simulation manager transmits indications of

accepted partition manipulations to the plurality of workers.

8. The one or more non-transitory computer-readable storage media of claim 6, wherein
the operations further comprise:

generating partition metadata associated with the first partition manipulation, wherein
the partition metadata indicates at least one of an identifier of a highest-level ancestor
partition, an identifier of the parent spatial partition, a partition depth, or a child spatial
partition quantity.
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9. The one or more non-transitory computer-readable storage media of claim 6, wherein
the merging of the child spatial partitions is based at least in part on a determination that the

child spatial partitions are all assigned to a same application of the one or more applications.

10. The one or more non-transitory computer-readable storage media of claim 6, wherein
the merging of the child spatial partitions is based at least in part on a determination that all

of the child spatial partitions are available for merging.

11. A computer-implemented method comprising:

receiving, for each worker of a plurality of workers, worker-level resource
consumption information, wherein the plurality of workers execute in association with a
simulated space that is divided into a plurality of spatial partitions, wherein each spatial
partition of the plurality of spatial partitions is owned by a corresponding worker of the
plurality of workers, and wherein at least one spatial partition of the plurality of spatial
partitions has a state dependency on at least one other spatial partition of the plurality of
spatial partitions;

receiving, for each locally owned spatial partition of each worker of the plurality of
workers, partition information; and

issuing, based at least in part on the worker-level resource consumption information
and the partition information, one or more partition reassignment instructions related to
reassigning ownership of a first spatial partition of the plurality of spatial partitions from a

first worker of the plurality of workers to an additional worker of the plurality of workers.

12. The computer-implemented method of claim 11, further comprising:
issuing, based at least in part on the worker-level resource consumption information,
one or more worker scaling instructions related to changing a quantity of the plurality of

workers.

13, The computer-implemented method of claim 12, wherein the one or more worker

scaling instructions relate to removing the first worker from the plurality of workers.
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14. The computer-implemented method of claim 12, wherein the one or more worker

scaling instructions relate to adding the additional worker to the plurality of workers.

15, The computer-implemented method of claim 11, further comprising:
determining a resource impact associated with the reassigning of the ownership of the
first spatial partition from the first worker to the additional worker, wherein the one or more

partition reassignment instructions are issued based at least in part on the resource impact.



PCT/US2024/035827

WO 2025/006754

1/19

8uljeasolny JONJOM JTTT

1uswudisseay
uolyied |elleds a10way 3TTT

duinoday uonendiuey
uollijed |elleds aloway PTTT

uolie|ndiuep
uollilied |elleds [ed207OTTT

8uijeosoiny uonedlddy qTTT

[ 'DI4
Y
ugoT qeotT || esot
J9)JO Ja)JO J9)JO
dzot | ozort uzoT | wzort HOMm HOM|[1=Aom
pzZT uonedlddy pTZT uonedlddy U-EEQT SIHOM
1Z0T | 20T fzot | 1cort

1uswudisseay
uollied |elleds [e207 BTTT

suoljesadp 3uijeasoiny
30eds pale|nwis J-eTTT

A

Y

0ct

g—p| J23eue

uolle[nwis

06T 22IAISS UOHEINWIS

97T uolnedlddy

9T¢T uoiiedl|ddy

00T 92eds paie|nwis

dzot | ocoT | uzoT | weot

yzot | 8zot $20T | 90T
qzzT voiiedddy qrzT uonedlddy
pzOT | 2207 qzotT | ecot

0T 701 fzot 10T

ezZT uolledlddy

erzT uoledlddy

yzot | 8zot | jeot °9C01

qeOQT 49440M

BEOT JHOM

pPcoT | 9¢0T | 9¢OT | ecol

T6T J2W01sN)




PCT/US2024/035827

WO 2025/006754

2/19

¢ DOId Suieosoiny JONIOM JTTT  |a—
Juawusgisseay 0cl
uonied |eneds stoway 11T [+ 7| “28eUEIN
3uiioday uonendiuey uolie|nwiis
>
\ uolliled |elleds aloway PTTT
uonendiuep
usoT qg0T ecoT uolliled |eneds |ed2079TTT
JDNIOM JJOM [[19)IOM | |g—»| SBuljedsoiny uonediddy qTTT
dzot | ozoT UuzoT | wezot JUswugisseay
U-egQT SI9YJOM uoiiled |elleds [ed0] eTTT
pzzT uonesddy pTZT uoneoyddy suoljesadQ duieasolny
aoeds paje|nwis J-eTTT
» 06T 3JIAJ3S Uol1enWIS
[C0T 20T fzot 1201
00T 92eds paie|nwis A|_

oz¢T uonesjddy oT¢T uonedljddy 4707 k= 070T lt—] uz0T la—p{ Wz0T

Yot 3z0T 3201 9¢01 T6T Jawoisn)

TZOT [«—»{3 20T | (20T || 170T

qzzT uonedddy qrzT uonesddy

Peot | 9eot deot | ot UZOT |« 370T [«—{ 40T [—{370T
egeT uonedlddy eT¢T uonesddy

q4e0T JH1om SE0T Iiom PZOT || 920T || qz0T |e 20T




PCT/US2024/035827

WO 2025/006754

3/19

¢ DIA

dzor | ozot

pzzT uonedlddy

uzot

weot

PTZT uoneodlddy

IZ0T | 20T fzcot | 1zot
27¢T uonesljddy 2T¢T uonedlddy
yzot | 8zot $20T | {0t
qzzT uonedddy qrzT uonedddy
PzOT | 2207 qzoT | ecot
egeT uonedlddy eT¢T uonesddy

qe0T J93I0OM

BEOT JHOM

Suijessoiny JJOM JTTT  |a—D]
Juswuisseay 0ct
uonied [enneds sloway oTTT |+ | J28eUEW
guinioday uone|ndiuey uonejnwis
—>
Y uollilied |enleds aloway PTTT
uone|ndiuep
usoT 90T - — uolliled |eneds |ed207 ITTT
JDNIOM IO [[4340M | |ag—»| Suijedsoiny uonrediddy qTTT
1uswudisseay
U-egQT SI9YJOM uollilled |elleds [ed207 eTTT
suoljesadp 3uijeasoiny
aoeds pale|nwis }-eTTT
+ 06T 32IAI3S UolleInWIS
00T 32eds paje|nwis A|_
dzot 0¢z0T uzot wzot
‘/I\
\./ 16T Jawoisn)
[C0T ﬁ' fzot 10T
Yyeot 3zo1 01 9¢0T
pcoT 3201 qezot ecot




PCT/US2024/035827

WO 2025/006754

4/19

AyyjeaH 27O snieis

qcot

fzot

10T

9TZT uonedlddy

AyijeaH :qT0v snieis

3C01

°9¢01

qTeT uonedddy

AyijeaH :eTop snieis

T40])

eTZT uoledlddy

BEQT JDIOM

[4%1%

v "DId

pazi[IInJapun DTOY Snieis

fzot

10T

9TZT uonedlddy

(uonesadp Juswusisseay
uoilled |eneds |eaoq 9jdwex3)
0S¥ uonesadp

AyijeaH :qT0v snieis

3C01

°9¢01

qreT uoneodiddy

Papeo}JanQ BTOY SN1LIS

qcot

T40])

eTZT uoledlddy

BEQT JDIOM

1a%




PCT/US2024/035827

WO 2025/006754

5/19

AyyjeaH :pTOp snieis

qcot

pTZT uonedlddy

AyyjeaH 270 sneis

fzot

10T

9TZT uonedlddy

AyyjeaH :qT0p snieis

3¢01

°9C01

qreT uonediddy

AyeaH :eTQ¥ Snieis

eCot

eTZT uonedlddy

BEQT JDMOM

¢SS

¢ DId

Papeo}JanQ 2T Shiels

qcot

lzot

10T

9T¢T uoiiedlddy

(suonesadp
JusWuU3IsSseay uoilued |eneds €207
pue dn-9|eas uonediddy ajdwex3)
0SS suoneltadp

AyyjeaH :qTop snieis

3¢01

°9C01

qreT uoneodiddy

AyleaH :eTo¥ snieis

ST40])

erzT uonedlddy

BEQT JDMOM

1SS




PCT/US2024/035827

WO 2025/006754

6/19

AyyjeaH :pTOY snieis

qcot| ecot

PTZT uonedl|ddy

AyyjeaH :DTOp snieis

fzot | 120T

9TZT uonedlddy

AyyjeaH :qT0y snieis

$¢0T | =C01

qTeT uonedddy

pazijnniapun :eToy SNieis

eTZT uoledlddy

BEQT JDIOM

¢s9

9 DId

pazI[1INJapuN :PTOY SNIEIS

qcot

PTZT uonedlddy

AyyjeaH :DTOp snieis

fzot | 1zot

9T ZT uonedlddy

(uonesadQ wawugisseay

uoniued |enireds |edo] ajdwex3)

069 uonlesadp

AyyjeaH :qT0y snieis

$¢0T | °C01

qreT uoneodiddy

pazijiInJapun Oy SNIels

T40])

erzT uonedlddy

BEQT JIOM

149




PCT/US2024/035827

WO 2025/006754

7/19

AyyjeaH :pTop snieis

BCOT| 9¢0T1

PTZT uonedlddy

pazijiInJiapun DTOY Snieis

fzot | 1zot

9T¢T uoiiedlddy

AyyjeaH :qT0y snieis

$¢0T | °C01

qreT uoneodiddy

BEOT JHOM

[4s74

L DId

AyyjeaH :pToY snieis

qcot| ecot

PTZT uonedlddy

pazi[iInJapun DTOY Snieis

fzot | 1zoT

9TZT uonedlddy

(uonesadp umoq-9jeas
uoned|ddy ajdwex3)
0S/ uonesadp

AyyjeaH :qT0y snieis

$¢0T | =C01

qreT uoneodiddy

pazijiInJapun Oy SNIels

eTZT uoledlddy

BEQT JDIOM

18L




PCT/US2024/035827

WO 2025/006754

8/19

9|qeidaooy
‘qT08 snieis

qcot

qrZT uonedlddy

9|qe1dadoy | 9|geidaddy | s|qe1dandy | 9jgeirdandy

:pz08 sN1e1S | 0708 Sniels |:qz0g sn1e1s|:ezog sniels

vecot €ecot [AzY40)S 1e¢01

eTZT uonedlddy

BEQT JIOM

S8

8 DIA

¥ = s3ul|qis jo Auauenp

eZQT Uollilied [eneds = 1uaJed 133.1Q
auQ = Yyidaq

BZOT UolHMed [elledS = J01S32UY 1S3P|0

078 eiepelay uolllied

9|qe1dadoy
‘qT08 snieis

qcot

qreT uoneodiddy

(11ds uoniued |eneds sjdwex3)

0S8 uonesado

H|ds
salinbay
‘BTQQ shi1els

eCot

eTZT uoledlddy

BEQT JDIOM

168




PCT/US2024/035827

WO 2025/006754

9/19

9|qe1dadoy
:qT08 sniels
qeot
qreT uonediddy
o|qe|leAy o|qe|leny o|qe|leny o|qe|leny
YT YT Y SETTY Y SETTY
:pz0o8 snieis|:0zog snieis|:qzog snieis|:ezog snieis
7ecoT €ecort cecotT Tezo1

erzT uonedlddy

BEQT JDIOM

56

6 DId

¥ = s3ul|qis jo Auauenp
eZQT Uollilied [eneds = 1uaJed 133.1Q
auQ = Yyidaq
BZOT UollLed |elledS = J01S32UY 1S9P|0

078 eiepelay uolllied

(1uswusisseay
uoniMed [eneds
|eao7 9 dwex3)
066 uonesado

9|qe|leAy

v |2
pzog smeis|
vezoT qzoT

qreT uoneodiddy

o|qe[leny o|qe[leny o|qe[leny
YT Y SETTY YT
0¢08 sn1e1s|:qgo8 snieis|egog snieis
€ecort cecotT Tecot

erzT uonedlddy

BEQT JIOM

166




PCT/US2024/035827

WO 2025/006754

10/19

9|qe1dadoy
‘qT08 snieis

qcot

qreT uoneodiddy

9|qei1daooy
‘eT08 snieis

T40])

eTZT uonedlddy

BEOT JHOM

¢s01

01 DOId

(428191 UONIMEY [BNnRdS 9)dwex])
0S0T uonesado

9|qe1dadoy
‘qT08 snieis

qcot

qreT uoneodiddy

o|ge[leny o|qe[leny o|ge[leny o|qe[leny
YT YT YT Y SETTY

:pz0o8 snieis|:ozog snieis|:qzosg snieis|:ezog snieis

vecot €ecort ¢ecot 1e¢01

erzT uonedlddy

BEOT JHOM

1501




PCT/US2024/035827

WO 2025/006754

11/19

u-e¢0t
SIIOM

(s4ex40m |jB 01
1seopeouq “3-9)

2911
s}nsay
aoueidaooy
uolne|ndiuep
uollied

[T DA

0t
Jadeuep

uolle[nwis

(Ajlenpiaipul JayJ0m
yoea wouy “3a)

T9TT
s1sanbay

aoueldandy
uonendiuep
uollued

u-egQT
SI9YJOMN




PCT/US2024/035827

WO 2025/006754

12/19

¢l DOId

dn-9)eos

duUe|egaY BAIIRIBY
dUBUUIBA
Suiziwndg aanesay)
umoQg-3|eds

YTCT S9POW |euoliesadp

CTT UollewJojuj

uo1Ildwnsuo) 92uN0SaY [9A37-4NIOM

lzot -

pcot

qeQT 49440M

lzot

BEQT JNIOM

0ct1
(3uawuBisseay uollied |elreds sajoway ajdwex3) 1ageue
0S¢t uonesadp uolle|nwis
AyneaH  [atozt] [ AywesH JetozT
. [4T4"

(pzoT vonLIEed
|enzeds 03 ejep Jo sjunowe 334e| uipu
[z0T uoilied |enijeds sajedipul “3-9)

TTZT UollewJioju| uoiiued

oS

u-ecot
SI9¥JOM

paziniapun|qrozT

papeolang [e1ozT

pcot

qeQT 49440M

15¢1

lzot

BEQT JDHOM




PCT/US2024/035827

WO 2025/006754

13/19

. dn-ajeds e
¢l DI due|eqay DAI1BIDY| e
JUBUIIUIBIN e
SuiziwndQ aAe a1 e
uMoQ-3|eds e
> yTTT SOPOI |euoiiesado
(suonesadgo %NH
JuawWuSisseay uoniued [erjeds ajoway 19geUe
pue dn-ajeas JayJom ajdwex3) UOREINWIS (| ¢ret HonBULoN
uoildwnsuo) 32Jn0SaY |9AIT-IION [@—————  U-BEQT
0SET suonesadp SIBIOM
«— (pzoT uolnued jenneds
01 elep Jo sjunowe 33.e| 3ulpuas
[zoT uoniyed |eneds sajedlpul “39) |g— |
TTZT UolleWJOU| UOIIMEd
AyeaH  [otozt| [ AviesH [atozr| [ AviesH [etozt papeopano|qrozt| [papeolano [eTozT
. . ¢GET - - TGET
pcoT |- pcot . . .
(70T |« 20T pcot feot
J€0T 193J0M qeQT JJOM BEOQT JJOM qeQT 1DJOM EEOQT 1JOM




PCT/US2024/035827

14/19

WO 2025/006754

V1 DIA dn-a|eds e
JdueleqaYy dAI1BIDY| e
OUBUDIUIBIN e
Suiziwndp aAnesay| e
UMOQ-3[edS e
> YTZT SOPOW |euoneladQ
oct
(umoQ-a|eds 42340 URNbasqns 3|qeul o) 193eue T UoneWIoN]
JuswWuBIsseay uollled [eneds ajoway ajdwex3y) |UOHEBINWIS | :
0SHT Uonesado uoIldWwNSU0) 32INOSAY |[IAST-JJOMN [@—— u-eEQT
SIDIOM
—] (pzOoT UOlLIEd
|e1zeds 03 ejep jo sjunowe 33Je| duipuss
[zoT voiued |enneds sajedipul “33) | g— |
TTZT UOIlBWJOJU| UOIIHEd
paziniapun|otozT | [ AynesH [atoztr] | AyiesH [etozT pazinnuapun|otozt | [ AynesH [atozr] [ AymesH [etoet
. . (44" . . TsP1
fzoT fzoT . * °
pPzoT ezoT fzot pPzoT ezoT
20T JONJOM geoT JoJoM BEOT JO)JOM IE0T 19YI0M qeOoT 1°9YI0M BEOT 19YIOM




WO 2025/006754 PCT/US2024/035827
15/19

1510 Receive application workload information relating to a workload status of each
application in an executing application set allocated to a worker

g 1512 adding, based at least in part on the application workload information, a second 5
; application to the executing application set (e.g., for application scale-up scenarios, ;
i such as shown in FIG. 5) ;

1514 Reassign, based at least in part on the application workload information, a first
spatial partition of the plurality of spatial partitions from a first application in the
executing application set to the second application in the executing application set

1514a Send, to the first application, a signal indicating that the first
application has lost ownership of the first spatial partition

!

1514b Send, to the second application, a signal indicating that the second
application has gained ownership of the first spatial partition

g 1516 removing, based at least in part on the application workload information, the
i first application from the executing application set (e.g., for application scale-down
i scenarios, such as shown in FIG. 7)

f
!
!
!

FIG. 15
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1610 Receive, by a first worker, spatial partition data saturation information relating
to one or more spatial partitions assigned to one or more applications allocated to the
first worker

:

1612 Perform, by the first worker, based at least in part on the spatial partition data
saturation information, a first partition manipulation, the first partition manipulation
including splitting of a parent spatial partition of the one or more spatial partitions
into child spatial partitions or merging the child spatial partitions into the parent
spatial partition

;

1614 Generate, by the first worker, partition metadata associated with the partition
manipulation

!

1616 Transmit, by the first worker, to a simulation manger, a request for acceptance
of the first partition manipulation, wherein the simulation manager transmits
indications of accepted partition manipulations to a plurality of workers

)

1618 Receive, by the first worker, from the simulation manager, the indications of the
accepted partition manipulations

!

1620 Send and/or receive, by the first worker, state data based on the indications of
the accepted partition manipulations

FIG. 16
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1710 Receive, for each worker of a plurality of workers, worker-level resource
consumption information

'

1712 Receive, for each locally owned spatial partition of each worker of the plurality
of workers, partition information (e.g., data saturation information, partition
relationship information, etc.)

1714 Issue, based at least in part on the worker-level resource consumption
information, one or more worker scaling instructions related to adding an additional
worker to the plurality of workers (e.g., for worker scale-up scenarios, such as shown

in FIG. 13)

!
!
!
!
!

1716 Issue, based at least in part on the worker-level resource consumption
information and the partition information, one or more partition reassignment
instructions related to reassigning ownership of a first spatial partition from a first
worker of the plurality of workers to the additional worker of the plurality of workers

1718 Issue, based at least in part on the worker-level resource consumption
information, one or more worker scaling instructions related to removing the first
worker from the plurality of workers (e.g., for worker scale-down scenarios, such as
shown in FIG. 14)

!
i
!
i
!
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