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ics processing unit (GPU) resources). In some embodiments,
this method involves a computing infrastructure receiving a
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alized resource, from a plurality of virtualized resources,
wherein the virtualized resource is associated with a hard-
ware configuration, and wherein selecting the virtualized
resources is based on a suitability score determined based on
benchmark scores of the one or more workflows on the
hardware configuration, scheduling performance of at least
part of the workload on the selected virtualized resource, and
outputting results of the at least part of the workload.
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DYNAMIC DISTRIBUTION OF A
WORKLOAD PROCESSING PIPELINE ON A
COMPUTING INFRASTRUCTURE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. application Ser.
No. 17/858,590, filed Jul. 6, 2022, now U.S. Pat. No.
11,645,123, which is a continuation of U.S. application Ser.
No. 16/889,509, filed Jun. 1, 2020, now U.S. Pat. No.
11,409,576, which is a continuation of U.S. application Ser.
No. 15/858,822, filed Dec. 29, 2017 and U.S. application
Ser. No. 15/858,852, filed Dec. 29, 2017, all of which are
incorporated herein in their entirety by reference.

TECHNICAL FIELD

This disclosure relates generally to apparatuses, methods,
and computer readable media for predicting and allocating
computing resources for workloads.

BACKGROUND

Modern computing infrastructures allow computational
resources to be shared through one or more networks, such
as the internet. For example, a cloud computing infrastruc-
ture may enable users, such as individuals and/or organiza-
tions, to access shared pools of computing resources, such as
servers, both virtual and real, storage devices, networks,
applications, and/or other computing based services.
Remote services allow users to access computing resources
on demand remotely in order to perform a variety computing
functions. These functions may include computing data. For
example, cloud computing may provide flexible access to
computing resources without accruing up-front costs, such
as purchasing computing devices, networking equipment,
etc. and investing time in establishing a private network
infrastructure. Utilizing remote computing resources, users
are able to focus on their core functionality rather than
optimizing data center operations.

With today’s communications networks, examples of
cloud computing services a user may access includes soft-
ware as a service (SaaS), platform as a service (PaaS), and
infrastructure as a service (laaS) technologies. SaaS is a
delivery model that provides software as a service rather
than an end product, while PaaS acts an extension of SaaS
that goes beyond providing software services by offering
customizability and expandability features to meet a user’s
needs. Another example of cloud computing service
includes infrastructure as a service (laaS), where APIs are
provided to access various computing resources, such as raw
block storage, file or object level storage, virtual local area
networks, firewalls, load balancers, etc. Service systems
may handle requests for various resources using virtualized
resources (VRs). VRs allows for hardware resources, such
as servers, to be pooled for use by the service systems. These
VRs may be configured using pools of hypervisors for
virtual machines (VMs) or through containerization.

Containerization, or containers, are generally a logical
packaging mechanism of resources for running an applica-
tion which are abstracted out from the environment in which
they are actually run. Multiple containers generally may be
run directly on top of a host OS kernel and each container
generally contains the resources, such as storage, memory,
and APIs needed to run a particular application the container
is set up to run. In certain cases, containers may be resized
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by adding or removing resources dynamically to account for
workloads or a generic set of resources may be provided to
handle different applications. As containers are created on
and managed by a host system at a low level, they can be
spawned very quickly. Containers may be configured to
allow access to host hardware, such as central processing
units (CPUs) or graphics processing units (GPUs), for
example, through low-level APIs included with the con-
tainer. Generally, containers may be run in any suitable host
system and may be migrated from one host system to
another as hardware and software compatibility is handled
by the host and container layers. This allows for grouping
containers to optimize use of the underlying host system. A
host controller may also be provided to optimize distribution
of containers across hosts.

Modern CPUs may be configured to help distribute CPU
processing load across multiple processing cores, therefore
allowing multiple computing tasks to execute simultane-
ously and reduce overall real or perceived processing time.
For example, many CPUs include multiple independent and
asynchronous cores, each capable of handling different tasks
simultaneously. Generally, GPUs, while having multiple
cores, can be limited in their ability to handle multiple
different tasks simultaneously. A typical GPU can be char-
acterized as a processor which can handle a Single Instruc-
tion stream with Multiple Data streams (SIMD) whereas a
typical multi-core CPU can be characterized as a processor
which can handle Multiple Instruction streams with Multiple
Data streams (MIMD). A multi-core CPU or a cluster of
multiple CPUs can also be characterized as parallelized
SIMD processor(s), thereby in effect simulating a MIMD
architecture.

A SIMD architecture is generally optimized to perform
processing operations for simultaneous execution of the
same computing instruction on multiple pieces of data, each
processed using a different core. A MIMD architecture is
generally optimized to perform processing operations which
requires simultaneous execution of different computing
instructions on multiple pieces of data, regardless of whether
executing processes are synchronized. As such, SIMD pro-
cessors, such as GPUs, typically perform well with discrete,
highly parallel, computational tasks spread across as many
of the GPU cores as possible and making use of a single
instruction stream. Many GPUs have specific hardware and
firmware limitations in place to limit the ability for the GPU
cores to be separated, or otherwise virtualized, thereby
reinforcing the SIMD architecture paradigm. CPUs typically
have little or no such limitation, thereby making the process
of dividing GPU processing time across multiple tasks
difficult as compared to CPUs. Rather than attempting this,
IaaS providers with GPU resources may need to provide
more physical GPUs to handle GPU processing requests and
possibly even dedicated GPUs for certain processes, for
example, artificial intelligence (AI) workloads, even if the
actual computational capacity of that infrastructure far out-
strips the GPU compute demand, leading to inflated capital
and operating costs associated with offering GPU resources
in an laaS, PaaS, SaaS, or other product or cloud infrastruc-
ture offering.

In the case of GPU-heavy workloads such as those
demanded by certain Al-enabled offerings, not all Al work-
loads are the same and hardware optimal for running one Al
workload may not be rightly-sized for another Al workload.

Virtualization techniques have emerged throughout the
past decades to optimize the utilization of hardware
resources such as CPUs by efficiently allowing computing
tasks to be spread across multiple cores, CPUs, clusters, etc.
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However, such virtualization is generally not available or
non-performant for GPUs and this can lead to higher oper-
ating costs and increased application or platform latency.
What is needed is a technique for appropriately scaling a
workflow pipeline to handle high-density processing opera-
tions (such as Al operations) which require frequent utili-
zation of GPUs during processing.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a block diagram of an embodiment of a
cloud computing system where embodiments of the present
disclosure may operate.

FIG. 2 is a schematic diagram of an embodiment of a
system for predicting and allocating resources for work-
loads, in accordance with aspects of the present disclosure.

FIG. 3 is a schematic diagram of a VR, in accordance with
aspects of the present disclosure.

FIG. 4 is a schematic diagram of a GPU, in accordance
with aspects of the present disclosure.

FIG. 5 is a flowchart illustrating a method for allocating
computing resources, in accordance with aspects of the
present disclosure.

FIG. 6 is a schematic diagram of an embodiment of a
workflow scoring system, in accordance with aspects of the
present disclosure.

FIG. 7A-C show example data utilized for determining a
suitability score, in accordance with aspects of the present
disclosure.

FIG. 8 is a flowchart illustrating a method for monitoring
and adjusting computing resources, in accordance with
aspects of the present disclosure.

FIG. 9A illustrates an example workload, in accordance
with aspects of the present disclosure.

FIG. 9B schematic diagram of an embodiment of a
predictive workload pipeline, in accordance with aspects of
the present disclosure.

FIG. 10 is a plot of workflow activity, in accordance with
aspects of the present disclosure

DETAILED DESCRIPTION

Disclosed are apparatuses, methods, and computer read-
able media for predicting and allocating virtual resources for
workloads. More particularly, but not by way of limitation,
this disclosure relates to apparatuses, methods, and com-
puter readable media for a technique for predicting resource
requirements of a workload, such as that for an Al applica-
tion or platform, and matching the workload to an appro-
priate set of shared computing resources.

In the following description, for purposes of explanation,
numerous specific details are set forth in order to provide a
thorough understanding of the embodiments disclosed
herein. It will be apparent, however, to one skilled in the art
that the disclosed embodiments may be practiced without
these specific details. In other instances, structure and
devices are shown in block diagram form in order to avoid
obscuring the disclosed embodiments. References to num-
bers without subscripts or suffixes are understood to refer-
ence all instance of subscripts and suffixes corresponding to
the referenced number. Moreover, the language used in this
disclosure has been principally selected for readability and
instructional purposes, and may not have been selected to
delineate or circumscribe the inventive subject matter, resort
to the claims being necessary to determine such inventive
subject matter. Reference in the specification to “one
embodiment” or to “an embodiment” means that a particular
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feature, structure, or characteristic described in connection
with the embodiments is included in at least one embodi-
ment.

The terms “a,” “an,” and “the” are not intended to refer to
a singular entity unless explicitly so defined, but include the
general class of which a specific example may be used for
illustration. The use of the terms “a” or “an” may therefore
mean any number that is at least one, including “one,” “one
or more,” “at least one,” and “one or more than one.” The
term “or”” means any of the alternatives and any combination
of the alternatives, including all of the alternatives, unless
the alternatives are explicitly indicated as mutually exclu-
sive. The phrase “at least one of” when combined with a list
of items, means a single item from the list or any combi-
nation of items in the list. The phrase does not require all of
the listed items unless explicitly so defined.

As used herein, the term “computing system” refers to a
single electronic computing device that includes, but is not
limited to a single computer, VM, virtual container, host,
server, laptop, and/or mobile device or to a plurality of
electronic computing devices working together to perform
the function described as being performed on or by the
computing system.

As used herein, the term “medium” refers to one or more
non-transitory physical media that together store the con-
tents described as being stored thereon. Embodiments may
include non-volatile secondary storage, read-only memory
(ROM), and/or random-access memory (RAM).

As used herein, the term “application” refers to one or
more computing modules, programs, processes, workloads,
threads and/or a set of computing instructions executed by a
computing system. Example embodiments of an application
include software modules, software objects, software
instances and/or other types of executable code.

For the purposes of this disclosure, the term ‘right-sized’
(or ‘rightly-sized’) refers to a hardware and/or software
configuration whereby the computing requirements and the
hardware capacity are matched so as to optimize for lowest
cost per successful computing cycle within a specified range
of acceptable latency between initial request and operation
completion; whereas cost can be a function of power and
cooling required for the given components, opportunity cost
in utilizing certain resources at the expense of other, or any
combination therein.

FIG. 1 is a schematic diagram of an embodiment of a
computing system 100, such as a cloud computing system,
where embodiments of the present disclosure may operate
herein. Computing system 100 may include a user device
102, an organizational network 104 having one or more
devices 106, network 108, such as the internet, an online
website 110, and a service network 112. In some embodi-
ments, the organizational network 102 may be a local
network, such as local area network (LAN), utilized by a
business entity that includes a one or more devices 106 that
may include, but are not limited to switches, servers, routers,
and various computing devices.

The user device 102 may include, but is not limited to, a
mobile device, such as a smartphone, tablet, etc., a personal
computer, and a wearable device. The user device 102 is able
to communicate with the service network 112 and online
website 110. Although not specifically illustrated in FIG. 1,
the organizational network 104 may also include a connect-
ing network device (e.g., gateway or router) or a combina-
tion of devices that implement a firewall or intrusion pro-
tection system and is generally not in direct communications
with either the user device 102 or the online website 110, but
is configured to communicate with service network 112.
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FIG. 1 illustrates that organizational network 104 is
coupled to the network 108. The network 108 may include
one or more computing networks available today, such as
other LANs, wide area networks (WAN), the Internet, and/or
other remote networks, in order to transfer data between one
or more organizational devices 106. Each of the networks
within computing system 100 may contain wired and/or
wireless programmable devices that operate in the electrical
and/or optical domain. For example, network 108 may
include wireless networks, such as cellular networks (e.g.,
Global System for Mobile Communications (GSM) based
cellular network), wireless fidelity (WiFi® (WIFI is a reg-
istered trademark owned by Wi-Fi Alliance Corporation))
networks, and/or other suitable radio based network as
would be appreciated by one of ordinary skill in the art upon
viewing this disclosure. The network 108 may also employ
any number of network communication protocols, such as
Transmission Control Protocol (TCP) and Internet Protocol
(IP). Although not explicitly shown in FIG. 1, network 108
may include a variety of network devices, such as servers,
routers, network switches, and/or other network hardware
devices configured to transport data over networks.

In FIG. 1, the service network 112 is a remote network
(e.g., a cloud network) that is able to communicate with the
user device 102, organizational network 104, and online
store 110 via network 108. The service network 112 provides
computing resources to the user devices 102 and/or organi-
zational network 104. For example, by utilizing the service
network 112, user devices 102 may be able to access
services executing in the service network 112. In some
embodiments, the service network 112 includes one or more
datacenters 114, where each datacenter 114 could corre-
spond to a different geographic location. Each of the data-
center 114 includes a plurality of server instances 116, where
each server instance 116 can be implemented on a physical
computing system, such as a single electronic computing
device (e.g., a single physical hardware server) or could be
in the form a multi-computing device (e.g., multiple physi-
cal hardware servers). Examples of server instances 116
include, but are not limited to a web server instance, a
back-end server instance, a database server instance, and/or
a virtualization system hosting VMs or containers.

FIG. 2 is a schematic diagram of an embodiment of a
system 200 for predicting and allocating resources for
workloads, in accordance with aspects of the present dis-
closure. FIG. 2 illustrates a client-server architecture that
includes a user device 202, along with an organizational
network 204. The user device 202 and retailer device 204 are
communicatively coupled via a network 206, such as the
internet, to datacenter 208. Datacenter 208 may include a
virtualization manager 210 which may distribute requests
for resources to host 212 and on to one or more VRs 220
running on the host 212. VRs 220 may be started and/or
configured by the host 212 or virtualization manager 206.
Datacenter 208, network 204, and user device 202, may be
substantially similar to datacenter 114, network 108, and
user device 102, as described in FIG. 1, respectively.

Although FIGS. 1 and 2 illustrate specific embodiments
of a cloud computing system 100 and a system 200 for
predicting and allocating resources for workloads, respec-
tively, the disclosure is not limited to the specific embodi-
ments illustrated in FIGS. 1 and 2. For instance, although
FIG. 1 illustrates that the service network 112 is imple-
mented using data centers, other embodiments of the of the
developmental platform network 112 are not limited to data
centers and can utilize other types of remote network
infrastructures. Moreover, other embodiments of the present
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disclosure may combine one or more different server
instance into a single server instance. Using FIG. 2 as an
example, the virtualization manager 210, host 212, and one
or more VRs 220 can be combined into a single server
instance. Alternatively functions of the virtualization man-
ager 210 may be performed by multiple computing devices
or server instances. The use and discussion of FIGS. 1 and
2 are only examples to facilitate case of description and
explanation and are not intended to limit the disclosure to the
specific examples.

FIG. 3 is a schematic diagram of a VR 300, in accordance
with aspects of the present disclosure. The VR 300 may be
instantiated by a host based on a request by a virtualization
manager to run application 302, which may call APIs 304
operating on OS 306. A VR also may access GPU 308 and
one or more CPUs 310. In certain cases, a VR may also
contain a field-programmable gate array (FPGA), Al pro-
cessor, neural processor, neural network processor, or other
such hardware device. Where the VR 300 has access to the
GPU 308, the OS may include drivers (not shown) sufficient
to interact with the GPU 308. This driver may include a
graphics buffer with may accumulate GPU draw calls. The
graphics buffer may flush commands to the GPU 308 after
a time interval passes, the buffer is filled, or an explicit flush
command is received. Examples of the VR 300 include VMs
and containers. Containers are similar to VMs but rather
than virtualizing an entire computing system, the container
generally only contains a minimal OS and APIs needed to
run the application.

As indicated above, a single computing device may be
capable of hosting many VRs. The ability to host multiple
VRs by a single computing device is helped by the parallel
architecture of modern central processing units (CPUs).
Generally, modern CPUs are configured to include multiple
processing cores, each core capable of functioning asyn-
chronously and independently in a parallelized SIMD archi-
tecture which allows the CPU to functionally mimic a
MIMD architecture, this ability helps increase parallelism
by allowing the CPU to execute multiple instructions of
different data, allowing CPUs processing time to be chopped
up and spread across multiple tasks, such as for VRs. By
spreading CPU processing time across multiple tasks, use of
the CPU may be optimized and the total number of CPUs or
physical servers needed for a given number of tasks,
reduced.

Generally, GPUs have a very different single instruction,
multiple data (SIMD) architecture as compared to CPUs.
This architecture difference is due to graphics processing
involving a different workload than that seen by CPUs,
traditionally involving performing a set of calculation for
each pixel on the screen in a pixel pipeline, representing
parallel processing of a single instruction. Programmable
pipelines increased the flexibility of these pipelines, allow-
ing for more complex shading and other graphics functions
to be performed in the pipeline. Increasingly, these program-
mable pipelines in GPUs are being harnessed by scientific
and artificial intelligence (AI) workloads. Scientific and Al
workloads often can be highly parallelized and may run
faster on GPUs than on CPUs as often such workloads apply
specific logical operations on a large amount of data in
parallel.

FIG. 4 is a schematic diagram of a GPU 400, in accor-
dance with aspects of the present disclosure. GPU 400
includes an interface which receives commands flushed
from the GPU driver. These commands may be passed on to
a GPU controller 402. The GPU controller 402 may parse
the commands and assign work to one or more multipro-
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cessor clusters 406. The multiprocessor clusters 406 may
further divide up the work into threads and assign the threads
to the one or more multiprocessors 408. The multiprocessors
408 may schedule the threads to groups of cores 410 for
execution. In some cases, this execution may be a batch
execution process where threads are assigned and executed
in lockstep. GPUs typically only include a very small
number, typically one, GPU controller 402. Due at least in
part to the complexity of coordinating hundreds or thou-
sands of cores in certain GPUs, the ability of the GPU
controller 402 to accept and track batches of work limits the
ability or speed of the GPU to handle multiple tasks with
differing sets of data that needs to be loaded from memory.
This in turn limits the ability of GPUs to be virtualized to
handle multiple tasks from different sources. Similarly,
certain CPUs, field-programmable gate array (FPGA), Al
processor, neural network processor, or other such hardware
device may also have similar such architectural limitations.

FIG. 5 is a flowchart illustrating a method 500 for
allocating computing resources, in accordance with aspects
of the present disclosure. At block 502, a request to perform
a workload is received. For example, a request may be
received for a workload to process an image and identify the
objects in the image. At block 504, one or more workflows
may be determined to perform the workload. For example,
based on the request to identify the objects in the image, a
determination may be made to run one or more workflows,
such as a set of Al models, to identify potential objects in the
image.

At block 506, one or more VRs may be selected to run a
workflow, such a model. The VRs may be associated with a
designated hardware configuration. According to certain
aspects, VRs, such as a VM or container, may be configured
to run on certain hardware components, such as a type of
GPU. For example, container A may be configured to run on
hardware including a particular GPU, such as a Nvidia®
V100 (NVidia is a registered trademark owned by NVIDIA
Corporation), container B may include a P100, container C
a Titan X, container D an AMD FirePro® (AMD FirePro is
a registered trademark owned by Advanced Micro Devices,
Inc.), and so forth. Each model of the set of Al models may
be associated with a suitability score for each VR capable of
running the model. This suitability score may be determined
based at least in part on a set of performance benchmarks for
the model running on each of the VRs. These performance
benchmarks may measure various aspects of how a particu-
lar model runs on the VR, such as speed, throughput, GPU
utilization rate, power consumption, etc. Based on the suit-
ability score, a VR may be selected to run the workflow.

In certain cases, hardware such as GPUs may be associ-
ated with a suitability score for each model independently of
a particular VR. For example, hardware, such as a GPU,
FPGA, Al processor, neural network processor, etc., may be
assessed for a workflow in a way that is generic to a set of
VRs. A particular VR may be configured to include a GPU
as needed based on the assessment and expected worktlow.
VRs may also be selected and adjusted based on an expected
workload. For example, for a non-real-time workload
including a relatively large number of workflows, a rela-
tively large number of VRs may be instantiated with rela-
tively lower power hardware as the workload may be
handled more efficiently by multiple hardware devices rather
than a single, more powerful device. In another example, a
real-time workload with a relatively fewer number of work-
flows may be handled by a single VR and relatively fewer
number of higher power hardware. This single VR may be
further adjusted to include hardware dynamically, for
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example, if a workflow executes especially efficiently on a
particular hardware device, or additional hardware resources
is expected to help perform the workflow.

At block 508, the workflow is scheduled to run on the
selected VR. Once a VR is selected, the workflow may be
scheduled to run on the virtualized resource. After the run is
completed, at block 510, the output of the run is returned.

FIG. 6 is a schematic diagram of an embodiment of a
workflow scoring system 600, in accordance with aspects of
the present disclosure. According to certain aspects, a new
workflow 602 may be added to a workflow index 604. New
workflows 602, such as a new Al model, may be added to
run on VRs and these new worktlows may be processed to
determine which VRs are most suitable for the new work-
flows 602. The new workflows 602 may be processed to
generate a suitability score and this processing may be
performed either prior to deploying the new workflows 602
for general use, or concurrent to deployment of the new
workflow 602 for general use. The workflows available for
use are tracked by the workflow index 604.

The workflow index 604 is discussed in conjunction with
FIG. 7A, which illustrates an example workflow index, in
accordance with aspects of the present disclosure. The
workflow index 604 maintains a list of the workflows
available to be run on VRs as well as information about the
workflows. In certain cases, the list of workflows in the
workflow index 604 may not be concurrent with the work-
flows deployed for use, but may include newly added
workflows 602 that are being processed for deployment. The
information about the workflows may include an indication
of what hardware is required to run a particular workflow.
For example, model A may be a CPU specific workflow,
model C requires a GPU to run on, while model B can run
on either a CPU or GPU. The information about the work-
flow may also include information on how much the
memory is needed to run the model (e.g. workflow size).
Models generally have a feature index for use by the model
to recognize various features. Having this entire index
loaded and accessible in memory generally greatly speeds
up running the model as there is no need to swap data in and
out of memory from longer-term storage. According to
certain aspects, how much memory is needed may be
determined based, at least in part, on the size of the feature
index for a given model. The workflow size information may
be bucketed into multiple size categories. For example,
memory class C may include workflows which require X-Y
GBs of memory, class B may include workflows which
require Y-Z GB, and class A may include workflows which
require greater than Z GB. In certain cases, these memory
classes may be organized around common memory sizes of
GPUs. As another example, certain workflows, such as those
processing videos, may be limited to GPUs with a larger
number of cores due to amount of information to be pro-
cessed in videos. Additional limitations may apply, for
example, based on data file type of a workload, data file size,
core pipeline depth, etc. The workflow index 604 may be
stored, for example, in a file system or database of comput-
ing devices hosted in a datacenter, such as a virtualization
manager.

Returning to FIG. 6, information related to the hardware
configuration of available host computing devices may be
maintained in a hardware registry 608. An example of the
hardware registry service 608 is illustrated in FIG. 7B, in
accordance with aspects of the present disclosure. The
hardware registry service 608 may be stored, for example, in
a file system or database. Information related to the hard-
ware configuration may contain various information about
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host hardware, including device level information, as well
information specific to particular components of a device,
such as a GPU, CPU, field-programmable gate array
(FPGA), Al processor, neural network processor, or other
such hardware device. For example, the hardware registry
service 608 may include information related to GPUs, such
as a GPU type or model, number of cores, GPU memory
available, power consumption, etc. This information may be
obtained, for example, by querying one or more hardware
components, an OS, etc. This information may also include
some basic benchmarking information about the hardware,
such as floating point operations per second (FLOPS) at
single precision, double precision, etc. This information may
be obtained, for example, by running commonly available
benchmarking tools on the hardware. Hardware information
may be maintained based on how hardware is allocated to
the VRs, or just based on the hardware available.

Benchmarking information of each VR as against the
workflows may be obtained by a benchmarking service 606
and stored in a benchmark registry service 610, an example
of'which is illustrated in FIG. 7C, in accordance with aspects
of the present disclosure. While described based on VRs
available, benchmarking information may also be based on
hardware components available and VRs may be defined,
either in advance, or on instantiation, to include access to
specific hardware components. According to certain aspects,
the benchmarking service runs the available workflows on
compatible hardware to generate a set of benchmark scores
of the model for the compatible hardware. These benchmark
scores may be separate from the basic hardware benchmark-
ing information in the hardware registry 608. The bench-
mark registry service 606 may obtain workflow information
from the workflow index 604 and hardware configuration
information from the hardware registry 608 to determine
which workflows are compatible for which hardware con-
figurations. For example, as seen in FIG. 7C, model B may
require greater than Y GB of GPU memory and is not
compatible with VR 3, which includes only Y GB of GPU
memory. For each compatible hardware configuration, the
benchmark registry service 606 may run the model on the
hardware configuration to generate a set of performance
benchmarks, such as percentage of resources used, average
run times, power used, etc. for the hardware configuration.

Generally, a new workflow may be submitted along with
information and resources sufficient to run the workflow. For
example, a new facial recognition model may be submitted
along with information as to how and in what circumstances
to trigger the model, along with sample images to run the
model against. These information and resources may be used
to generate the set of performance benchmarks for the
workflow for each of the hardware configurations. For
example, models may be submitted as seen in FIG. 7C,
model C may be run against sample images and the time
required to run the model may be measured and recorded as
benchmark A as against each supported hardware configu-
ration (VR 1-VR 3 in this example). Similarly, additional
benchmarks may be measured and recorded, such as power
used, utilization percentage, etc. In certain cases, the per-
formance benchmarks may also be generated separately and
submitted along with a new model.

Information in the benchmark registry service 610 may be
consumed by the optimization service 612. The optimization
service 612, in some cases, may be implemented as a
machine learning service, such as a support vector machine,
configured to optimize a selection of a VR for which to run
a workflow on. In certain cases, the optimization service 612
may optimize the selection of the VR for lowest cost. Cost
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may be a function of power, speed, and throughput. Perfor-
mance benchmarks of the different hardware configurations
may be analyzed to determine a suitability score for each
workflow as against each hardware configuration. This suit-
ability score may be a fitting of the performance benchmarks
of'the benchmark registry 610 against a metric of cost by the
optimization service 612. For example, a relatively simple
model may run very quickly on a very powerful GPU, but
the suitability score may be relatively low due to a high
amount of unused GPU cycles and power consumed, as
compared to another, less powerful GPU, which ran the
model slower, but with very few unused GPU cycles and
lower power consumption. The suitability score may be fed
back into and stored in the benchmark registry 610. In
certain cases, the optimization service 612 may optimize for
a speed metric, for example in the case of a real-time
workflow, or throughput, for example where multiple
chained workflows are needed, and generate suitability
scores for those optimizations as well. For example, a
model, for a particular hardware configuration may having
multiple associated suitability scores for different optimiza-
tion metrics, such as lowest cost, highest speed, etc. The
suitability scores may then be used to optimize selection of
a VR for a given workflow depending on the expected use
case of the workflow.

After suitability scores for a new workflow 602 are
generated, the new workflow may be deployed at block 614.
In certain cases deployment of the new workflow 602 may
occur prior to generating suitability scores for the new
workflow 602. For example, new workflow 602 may be
deployed before generation of suitability scores in a par-
ticular mode, such as a preliminary mode, with certain
limitations, such as increased pricing, limitations on which
hardware configurations may be used, time constraints, etc.
Suitability scores for the new workflow 602 may be gener-
ated during or after deployment of the workflow, and as, or
after, the suitability scores become available, these restric-
tions may be lifted.

FIG. 8 is a flowchart 800 illustrating a method for
monitoring and adjusting computing resources, in accor-
dance with aspects of the present disclosure. At block 802,
a request to perform a workload is received. A watcher
service monitoring workflow queue may monitor and record
metrics for receiving a workload and placing the worktlows
associated with the workload on the queue. At block 804,
monitoring the workload queue to determine when a work-
flow is executed and completed. The watcher service may
monitor the queue to determine and record metrics related to
when workflows are assigned to, processed by what VRs or
hardware resources, and when the workflow is completed.
The watcher may also monitor and record metrics related to
the workflow queue, such as number of workflows on the
queue, time on the queue, workflow activity per hardware
resource, etc. At block 806, one or more patterns in the
workload queue may be determined. For example, the
watcher may have a historical view of how long items on the
queue generally takes to run from the time a workload is
received, broken down to one or more workflows on the
queue, and the workflows run, as well what is being put on
the queue. The watcher may then determine patterns based
on these observations of the workflow queue. For example,
a watcher may determine that historically the workflows on
the queue take a certain amount of time to process and as a
large workload has just been received, more hardware
resources may be required. At block 808, a hardware con-
figuration may be adjusted based on the one or more
patterns. The watcher may then adjust the hardware
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resources available, for example, by initializing a container
or VM, adding a hardware resource to an existing VR, etc.

FIG. 9A illustrates an example workload process 900, in
accordance with aspects of the present disclosure. According
to certain aspects, a request may be received to analyze
objects in an image 902. A workload 904 may be selected
based on information in the request. This information may
be, for example, an explicit request for a particular work-
load, or, as another example, based on a type of data in the
request. The workload 904 may comprise a set of workflows
for execution, here starting with Model A. The workload 904
may be branching, for example, based on the outcome of
Model A, either Model C or Model B may be run, followed
by Model D. The output of the workload 904 is a set of tags
describing properties of the image 902, such as whether the
image 902 contains cats, or is of a smiling person. Additional
processing may also occur, but that is outside the scope of
the current disclosure.

FIG. 9B is a schematic diagram of an embodiment of a
predictive workload pipeline 950, in accordance with
aspects of the present disclosure. Once a workload 904 is
determined, the workload 904 may be passed into a work-
flow queue 952 to be run. A watcher service 954 monitors
workflow activity, here for model A-model E (956A-956F)
and plots the workflow activity. While labelled and referred
to as models, the workflows 956A-956E run within the
context of a VR configured to run the respective model.
Additionally, the watcher service 954 monitors workflows
being placed into the queue to correlate workflow activities
across the workflows for patterns.

FIG. 10 is a plot 1000 of workflow activity, in accordance
with aspects of the present disclosure. The plot 1000 illus-
trates workflow activity for model A-model E as the models
run. The watcher service 954 analyzes the workflow activi-
ties to determine patterns in the workflow activities. In this
example, a decrease in workflow activity for model B
correlates with an increase in workflow activity for model C
at period 1002 and 1004. Similarly, at period 1006 an
increase in workflow activity for model B correlates with a
decrease in activity for model C. These patterns in workflow
activities across workflows may also be correlated with
workloads and data on the workflow queue 952. Based on
the patterns and correlated workloads and data on the
workflow queue 952, the watcher service 954 informs a
workflow scheduler service 958 to load or unload various
workflows, for example, by starting or stopping VRs and
scheduling workflows for execution on the appropriate VRs.
In determining which workflows and corresponding VRs to
start, the workflow scheduler service 958 may reference the
benchmark registry service to determine which worktlow
VRs are best suited for the expected workflows. As an
example, model B may be running efficiently on a less
capable VR, such as VR 3. An decrease in workflow activity
may then be observed for model B, which is known to be
correlated with increased workflow activity in model C. A
more capable VR, such as VR 1 may be started in response.
VR 1 may be less suitable for running model B as VR 1 as
model B running on VR 1 results in a relatively large number
of unused GPU cycles. However, those unused cycles may
make VR 1 more suited to run both model B and model C
efficiently than separate VRs.

In the foregoing description, for purposes of explanation,
numerous specific details are set forth in order to provide a
thorough understanding of the disclosed embodiments. It
will be apparent, however, to one skilled in the art that the
disclosed embodiments may be practiced without these
specific details. In other instances, structure and devices are
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shown in block diagram form in order to avoid obscuring the
disclosed embodiments. References to numbers without
subscripts or suffixes are understood to reference all instance
of subscripts and suffixes corresponding to the referenced
number. Moreover, the language used in this disclosure has
been principally selected for readability and instructional
purposes, and may not have been selected to delineate or
circumscribe the inventive subject matter, resort to the
claims being necessary to determine such inventive subject
matter. Reference in the specification to “one embodiment”
or to “an embodiment” means that a particular feature,
structure, or characteristic described in connection with the
embodiments is included in at least one disclosed embodi-
ment, and multiple references to “one embodiment” or “an
embodiment” should not be understood as necessarily all
referring to the same embodiment.

It is also to be understood that the above description is
intended to be illustrative, and not restrictive. For example,
above-described embodiments may be used in combination
with each other and illustrative process steps may be per-
formed in an order different than shown. Many other
embodiments will be apparent to those of skill in the art
upon reviewing the above description. The scope of the
invention therefore should be determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled. In the appended claims,
terms “including” and “in which” are used as plain-English
equivalents of the respective terms “comprising” and
“wherein.”

What is claimed is:

1. A system for allocating virtualized resources, compris-
ing:

one or more non-transitory memory devices; and

one or more hardware processors configured to execute

instructions from the one or more non-transitory

memory devices to cause the system to perform opera-

tions comprising:

receiving a workflow comprising a set of artificial
intelligence (AI) models executable by a plurality of
virtualized resources;

determining, based on the set of Al models, a hardware
requirement to run the workflow and a feature index
indicating a memory requirement to run the work-
flow;

determining hardware configuration information for
host computing devices available for the plurality of
virtualized resources;

determining a plurality of supported hardware configu-
rations for the plurality of virtualized resources that
execute the workflow based on the hardware require-
ment, the feature index, and the hardware configu-
ration information;

running, for each of the plurality of supported hardware
configurations, the set of Al models of the workflow
using a corresponding one or more of the plurality of
virtualized resources;

generating a performance benchmark for each of the
plurality of supported hardware configurations based
on the running;

determining, based on the performance benchmarks
and one or more optimization parameters, a suitabil-
ity score of the workflow for each of the plurality of
supported hardware configurations;

configuring the workflow to be run on a set of the
plurality of virtualized resources based on the suit-
ability score for each of the plurality of supported
hardware configurations;
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deploying the workflow in a workflow index usable to
execute the set of Al models when a corresponding
request for an execution of the workflow from the
workflow index is received; and

in response to receiving the corresponding request for
the execution of the workflow from the workflow
index, executing one or more application program-
ming interface (API) calls to the set of the plurality
of virtualized resources.

2. The system of claim 1, wherein the operations further
comprise:

updating, dynamically during an execution of one or more
workloads using the workflow, one or more of the
plurality of supported hardware configurations.

3. The system of claim 2, wherein, prior to the updating,
the operations further comprise:

receiving the one or more workloads from one or more
user devices, wherein the one or more workloads
designate ones of the plurality of virtualized resources
for executing the one or more workloads based on the
suitability score; and

executing the one or more workloads using the worktlow
and a plurality of additional workflows.

4. The system of claim 1, wherein the operations further
comprise:

updating, based on the suitability score of the workflow
for each of the plurality of supported hardware con-
figurations, a workflow index comprising available
workflows that are capable of running the Al models on
the plurality of virtualized resources, wherein the work-
flow index comprises information associated with
workflow processing speeds and workflow memory
size information for the available workflows when
executing the Al models on the plurality of virtualized
resources.

5. The system of claim 1, wherein the workflow comprises
a plurality of sub-workflows each using one of the plurality
of virtualized resources for executing a corresponding one of
the Al models for parallel data processing of different
regions of pixels in an image.

6. The system of claim 1, wherein the workflow applies
logical operations using the set of the Al models when
executed by the plurality of virtualized resources, and
wherein the workload is further associated with identifying
one or more objects in an image.

7. The system of claim 1, wherein the updating is based
on a workflow queue metric comprising at least one of a
number of additional workflows in a queue associated with
executing the workflow and the additional workflows, a time
in the queue for the workflow, or a workflow activity
executed by a hardware resource associated with each of the
plurality of supported hardware configurations.

8. The system of claim 1, wherein the suitability score for
each of the supported hardware configurations is based on at
least one of a percentage of resources used by a correspond-
ing one of plurality of supported hardware configurations, an
average run time of the workflow using the corresponding
one of plurality of supported hardware configurations, or a
power used for the corresponding one of plurality of sup-
ported hardware configurations, and wherein the suitability
score further comprise a compatibility metric between each
of the plurality of virtualized resources and the set of Al
models.
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9. A method for allocating computing resources, compris-
ing:

receiving a workflow comprising a set of the artificial

intelligence (AI) models executable by a plurality of
virtualized resources;
determining, based on the set of Al models, a hardware
requirement to run the workflow and a feature index
indicating a memory requirement to run the workflow;

determining hardware configuration information for host
computing devices available for the plurality of virtu-
alized resources;

determining a plurality of supported hardware configura-

tions for the plurality of virtualized resources that
execute the workflow based on the hardware require-
ment, the feature index, and the hardware configuration
information;

running, for each of the plurality of supported hardware

configurations, the set of Al models of the workflow
using a corresponding one or more of the plurality of
virtualized resources;

generating a performance benchmark for each of the

plurality of supported hardware configurations based
on the running;

determining, based on the performance benchmarks and

one or more optimization parameters, a suitability score
of the workflow for each of the plurality of supported
hardware configurations;

configuring the workflow to be run on a set of the plurality

of virtualized resources based on the suitability score
for each of the plurality of supported hardware con-
figurations;

deploying the workflow in a workflow index usable to

execute the set of Al models when a corresponding
request for an execution of the workflow from the
workflow index is received; and

in response to receiving the corresponding request for the

execution of the workflow from the workflow index,
executing one or more application programming inter-
face (API) calls to the set of the plurality of virtualized
resources.

10. The method of claim 9, further comprising:

updating, dynamically during an execution of one or more

workloads using the workflow, one or more of the
plurality of supported hardware configurations.

11. The method of claim 10, wherein, prior to the updat-
ing, the method further comprises:

receiving the one or more workloads from one or more

user devices, wherein the one or more workloads
designate ones of the plurality of virtualized resources
for executing the one or more workloads based on the
suitability score; and

executing the one or more workloads using the workflow

and a plurality of additional workflows.

12. The method of claim 9, further comprising;

updating, based on the suitability score of the workflow

for each of the plurality of supported hardware con-
figurations, a workflow index comprising available
workflows that are capable of running the Al models on
the plurality of virtualized resources, wherein the work-
flow index comprises information associated with
workflow processing speeds and workflow memory
size information for the available workflows when
executing the Al models on the plurality of virtualized
resources.

13. The method of claim 9, wherein the workflow com-
prises a plurality of sub-workflows each using one of the
plurality of virtualized resources for executing a correspond-
ing one of the Al models for parallel data processing of
different regions of pixels in an image.
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14. The method of claim 9, wherein the workflow applies
logical operations using the set of the Al models when
executed by the plurality of virtualized resources, and
wherein the workload is further associated with identifying
one or more objects in an image.

15. The method of claim 9, wherein the updating is based
on a workflow queue metric comprising at least one of a
number of additional workflows in a queue associated with
executing the workflow and the additional workflows, a time
in the queue for the workflow, or a workflow activity
executed by a hardware resource associated with each of the
plurality of supported hardware configurations.

16. The method of claim 9, wherein the suitability score
for each of the supported hardware configurations is based
on at least one of a percentage of resources used by a
corresponding one of plurality of supported hardware con-
figurations, an average run time of the workflow using the
corresponding one of plurality of supported hardware con-
figurations, or a power used for the corresponding one of
plurality of supported hardware configurations, and wherein
the suitability score further comprise a compatibility metric
between each of the plurality of virtualized resources and the
set of Al models.

17. A non-transitory machine readable-medium, on which
are stored instructions for allocating hardware resources,
comprising instructions that when executed cause a machine
to perform operations comprising:

receiving a workflow comprising a set of the artificial

intelligence (Al) models executable by a plurality of
virtualized resources;
determining, based on the set of Al models, a hardware
requirement to run the workflow and a feature index
indicating a memory requirement to run the workflow;

determining hardware configuration information for host
computing devices available for the plurality of virtu-
alized resources;

determining a plurality of supported hardware configura-

tions for the plurality of virtualized resources that
execute the workflow based on the hardware require-
ment, the feature index, and the hardware configuration
information;

running, for each of the plurality of supported hardware

configurations, the set of Al models of the workflow
using a corresponding one or more of the plurality of
virtualized resources;

generating a performance benchmark for each of the

plurality of supported hardware configurations based
on the running;

16

determining, based on the performance benchmarks and
one or more optimization parameters, a suitability score
of the workflow for each of the plurality of supported
hardware configurations;

5 configuring the workflow to be run on a set of the plurality

of virtualized resources based on the suitability score
for each of the plurality of supported hardware con-
figurations;

deploying the workflow in a workflow index usable to
execute the set of Al models when a corresponding
request for an execution of the workflow from the
workflow index is received; and

10

in response to receiving the corresponding request for the

15 execution of the workflow from the workflow index,

executing one or more application programming inter-

face (API) calls to the set of the plurality of virtualized
resources.

18. The non-transitory machine readable-medium of
20 claim 17, wherein the operations further comprise:

updating, dynamically during an execution of one or more
workloads using the workflow, one or more of the
plurality of supported hardware configurations.
19. The non-transitory machine readable-medium of
claim 18, wherein, prior to the updating, the operations
further comprise:

25

receiving the one or more workloads from one or more

user devices, wherein the one or more workloads

30 designate ones of the plurality of virtualized resources

for executing the one or more workloads based on the
suitability score; and

executing the one or more workloads using the workflow
and a plurality of additional workflows.

35 20. The non-transitory machine readable-medium of

claim 17, wherein the operations further comprise:

updating, based on the suitability score of the workflow
for each of the plurality of supported hardware con-
figurations, a workflow index comprising available
workflows that are capable of running the Al models on
the plurality of virtualized resources, wherein the work-
flow index comprises information associated with
workflow processing speeds and workflow memory
size information for the available workflows when
executing the Al models on the plurality of virtualized
resources.
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