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Abstract

Bluesky is a Python-based framework for experiment or-
chestration that is widely used at synchrotron facilities
around the world. Queue Server (QS) is an essential com-
ponent of Bluesky software stack that supports high-level
functionality, such as control over the environment for ex-
ecuting Bluesky plans, enqueueing plans, executing and
managing the plan queue, monitoring and controlling run-
ning plans, etc. The functionality is exposed via compre-
hensive set of APIs, which are designed to support wide
range of workflows. QS is successfully used in applica-
tions, such as GUI-based and remote control, Al-driven
and multimodal experiments.

INTRODUCTION

Bluesky [1] is a Python-based open-source software de-
veloped at NSLS-II as part of the effort to implement stand-
ard approach to experiment control at the beamlines.
Source code for all components of Bluesky software stack
is available from Bluesky Collaboration GitHub organiza-
tion [2].

The components of Bluesky stack are shown in Fig. 1.
The purpose of the Ophyd layer at bottom of the stack is to
represent controlled devices as Ophyd objects, i.e. in-
stances of Python classes with standard interface. The in-
terface hides the underlying device implementation and al-
lows standard access to the device. Ophyd devices may
communicate with hardware directly or using higher level
protocols, such as EPICS, REST API etc. The Bluesky
layer supports execution of step-by-step logic of the exper-
iments and communicates with the hardware using Ophyd
objects. The experiment logic is expressed in the form of
Bluesky Plans executed by Run Engine, which is part of
Bluesky package.

Ophyd and Bluesky packages are Python libraries that
provide components for developing Ophyd objects and ex-
perimental plans and Bluesky Run Engine for execution of
the plans. In the traditional Bluesky workflow, plans were
executed by manually running commands in IPython envi-
ronment. While being the most flexible and convenient for
development purposes, this workflow was found not intui-
tive by many beamline users. Several custom GUI applica-
tions were also developed to support workflows for se-
lected beamlines. Those applications are running the con-
trol and GUI code in the same process and suffered from
reliability issues.

Queue Server (QS) was recently added to the stack as
part of transitioning to service-based architecture for ex-
periment control. The purpose of QS is to implement
server-client framework, in which execution of Bluesky
plans on the server is fully controlled by client software
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using rich set of APIs. The client software may include
GUI applications, user-developed scripts, autonomous
agents, etc. Strong separation between the clients and the
server performing low-level control operations increases
reliability and robustness of the system. The architecture
implements security features, including authentication and
access control.

QUEUE SERVER OVERVIEW

Components of Queue Server

QS consists of the following components: Run Engine
(RE) Manager [3], Bluesky QS API Python package [4],
Bluesky HTTP Server [5]. Also, Bluesky-Widgets package
[6] includes a number of PyQt widgets for controlling QS.

Bluesky stack

Queue Server

Bluesky

Ophyd

Other protocols

Hardware

Figure 1: Components of the Bluesky Stack.

RE Manager is an execution engine for Bluesky plans. It
is the core component of QS and can be started as a service
or as a standalone application. It also supports complemen-
tary functions, including simple queueing of plans, execu-
tion of Python scripts and functions, etc. RE Manager ex-
poses a rich set of APIs to client applications. Bluesky
HTTP Server implements REST API for securely access-
ing RE Manager and exposing the QS on a wider network.
The HTTP Server is easily extensible with custom routers
to implement workflow-specific logic. Bluesky QS API is
a Python package for communicating with QS using REST
API via the HTTP server or directly with the RE manager.
The package implements features for efficient communica-
tion with QS, such as local data caching, status monitoring,
etc. Both thread-based and async versions of the API clas-
ses are available. Bluesky-Widgets package provides de-
velopers with general purpose PyQt widgets for controlling
QS. The package also contains a generic queue-monitor ap-
plication, which is useful for monitoring of QS in simple
workflows.
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API-Based Workflow Using Queue Server

All functionality of QS is accessible using API requests.
Multiple clients may connect to QS simultaneously. The
workflow for API-based control is shown in Fig. 2. RE
Manager consists of two main modules: the Manager and
the Worker. The Manager is responsible for processing API
requests from clients, queueing of plans and creating and
maintaining the plan execution environment. The Worker
runs in a separate disposable process, which is created,
closed or terminated by the Manager in response to API
requests from clients. After the Worker process is created
in response to environment_open request from a client, the
startup code is loaded into plan execution namespace. The
startup code contains instances of Ophyd devices, Bluesky
plans and Run Engine. RE Manager can load startup code
represented as an [Python startup directory, Python script
or installed Python mode.

API Based Workflow Queue Server

\  RE Manager

Startup Code

WORKER

~/.ipython/profile_collection/startup (runs Bluesky)

(Ophyd devices, Bluesky plans)

MANAGER

environment_open
queue_item_add
queue_start

&
.\\0 [
S

Figure 2: API-based workflow using Queue Server.

Depending on configuration, RE Manager creates plan
execution environment. For debugging and development
the IPython kernel mode is provided. When enabled, the
in-process IPython kernel is created by the worker and the
startup code is loaded as part of the kernel initialization.
External applications, e.g. Jupyter Console, may connect
directly to IPython kernel and access the namespace. This
feature is useful for interactive Bluesky plan development
or troubleshooting,

Once the startup code is successfully loaded, RE Man-
ager is ready to execute Bluesky plans. In a typical work-
flow, the plans are placed into a queue, which is maintained
by the Manager. For example, a queue_item_add API adds
a plan at specified position in the queue. The queue is mu-
table and can be modified at any time.

Queue execution is started by a client by sending
queue_start API request. Once the queue is started, execu-
tion of the queue until all plans in the queue are completed,
queue is stopped by a client or one of the plans fails. As
plans are executed, they are removed from the plan queue
and added to plan history. The history items contain addi-
tional information, such as the completion status, list of run
IDs produced by the plan, traceback for failed plan etc.

RE Manager supports additional features for supporting
special workflows. Those features include special queue
modes: the queue may be configured to execute a set of
plans in the loop, ignore failed plans or start automatically
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once a plan is added to an empty queue. RE Manager also
supports API for executing individual plans (bypassing the
queue), uploaded Python scripts, or functions defined in
the startup code.

Clients can monitor the state of the server by polling the
status of RE Manager. The status information may be used
to monitor the progress of execution of the queue and the
running plans. The status also indicates when large data
structures, such as plan queue or plan history, are changed
at the server. The data structures can be downloaded by the
clients only when they are updated at the server, thus re-
ducing consumed network bandwidth. The monitoring fea-
tures provide sufficient information for intelligent client
software, such as autonomous agents, to observe execution
of the experiment and configure the server for future steps
as the new data become available.

Queue Server API Overview

RE Manager supports rich set of 45 API functions de-
scribed in detail in the documentation [7]. The functions
combined in 12 groups are shown in Fig. 3.

Resources
plans_allowed
devices_allowed
plans_existing
devices_existing

Environment Control Status & Config
environment_open status
environment_close config_get
environment_destroy re_runs
environment_update

Lock
Queue Editing lock
queue_get lock_info
queue_item_add unlock
queue_item_update
queue_item_get
queue_item_remove
queue_item_move
queue_item_execute
queue_clear

permissions_set
permissions_reload

Batch Queue Editing
queue_item_add_batch
queue_item_remove_batch

) queue_item_move_batch
script_upload

function_execute
task_status
task_result

RE Control
re_pause
re_resume
re_stop
re_abort
re_halt

Queue Control
queue_start
queue_stop
queue_stop_cancel
queue_autostart
queue_mode_set

History
history._get
history_clear

IPython

kernel_interrupt

Figure 3: Queue Server API separated into groups.

Environment Control APIs allow clients to open, close
or ‘destroy’ the environment. The environment can be or-
derly closed only when it is in idle state, i.e. no plans are
executed. If the environment becomes unresponsive be-
cause of a bug in user software (Bluesky plan), RE Man-
ager can be reset by terminating the worker processes using
environment_destroy APL.

APIs in the Resources group return descriptions of plans
and devices extracted from plan execution namespace. The
descriptions can be used by clients for validation of the
plans before the plans are submitted to the queue. Clients
may request a list of all existing plans or devices from the
namespace or only the plans and devices that the particular
user group is allowed to access.

APIs in the Permissions group allow to upload, down-
load or reload the configuration that defines user group per-
missions. The permissions are used by RE Manager to gen-
erate lists of allowed plans and devices.

Queue Editing APIs are used to manipulate items in the
plan queue. The API allow adding, removing, modifying
(update) or moving items within the queue. The operation
of clearing the queue removes all items from the queue.
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The queue_item_execute API executes a single plan by-
passing the queue. The Batch Queue Editing operations
for adding, removing and moving items are ‘atomic’, i.e.
they cannot be interrupted by other API calls, and they
modify the queue only if operation succeeds for every item
in the batch.

Queue Control APIs allow clients to start and stop exe-
cution of the queue. The operation of stopping the queue
does not stop currently running plan, which is allowed to
run to completion. The request to stop the queue remains
pending until then and can be cancelled. Additional APIs
allow setting the queue mode and enabling queue autostart
mode.

Run Engine (RE) Control APIs allow clients to inter-
rupt and resume execution of a currently running plan. The
commands are passed directly to the Run Engine. A client
can pause a currently running plan by sending re_pause
API request with options of immediate or deferred pause.
A paused plan can be resumed or stopped (the options are
stop, abort, halt). If a plan is stopped, then execution of the
queue is also stopped.

History APIs allow clients to download contents of the
plan history and clear the plan history. The history clear
API can be used to trim the history to the desired size by
passing the size or UID of one of the history items with the
request.

APIs from the Status & Config group allow clients to
request RE Manager status (status API), read the manager
configuration (currently config get API returns connection
info for IPython kernel) or the list of runs produced by the
currently running plans (re_runs API).

APIs from Lock group allow clients to temporarily lock
certain functions of RE Manager with the password. The
lock can be applied to operations on the environment, on
the queue or on both. The environment operations include
all API that may start or affect execution of the code in the
worker environment. The queue operations include all op-
erations that modify contents of the queue. Locked opera-
tions are still accessible to the clients if matching password
is passed with API requests.

In addition to plans, RE Manager supports API for exe-
cution of Python scripts and functions (Tasks group). Cli-
ents can use the script_upload API to upload Python script
(as atext). The script is then executed in the plan execution
environment. The API can be used to add new plans and
devices to the environment. The function _execute API al-
lows to execute functions already defined in the environ-
ment. Tasks can be started in the main thread of the worker
or in a separate background thread. Background tasks do
not block the main thread and can run concurrently with
plans.

Finally, the kernel interrupt API in the IPython group
is used to send interrupt to running IPython kernel to stop
currently running cell.

HTTP Server provides the matching set of REST end-
points, allowing access to all RE Manager functionality.
The REST endpoints are named consistently with RE Man-
ager API, e.g. environment_open API is accessible using
/environment/open endpoint, queue_item_add API - using
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/queue/item/add endpoint. HTTP Server also supports ad-
ditional API for authentication and access control.

DEPLOYMENT CONFIGURATIONS

The Queue Server can be deployed in two configurations
shown in Fig. 4. Configuration (A) is used for small sys-
tems with the server and all clients sharing the same local
network or running on the same computer. The clients
communicate with RE manager directly over OMQ. Com-
munication over OMQ may be encrypted with fixed key,
but no authentication or access control is supported. This
configuration is suitable for small experimental setups,
where restricting physical access to equipment provides
sufficient security.

RE Manager
(A)

WORKER
(runs Bluesky)

Jupyter
console

MANAGER

| l |

%) cu Python GUI
> interface scripts applications
g
3
(@]
Autonomous
agents
e e == ——
(B) RE Manager

WORKER
(runs Bluesky)

HTTP Server

! 1
! 1
I MANAGER i
| 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1
! 1

CLIENTS

Figure 4: Deployment configurations for Queue Server:
(A) direct communication with RE Manager over 0MQ for
development and testing; (B) communication with RE
Manager via HTTP Server using REST API suitable for se-
cured production deployments.

In configuration B, local and remote clients communi-
cate with HTTP Server using REST API. The HTTP server
supports security features, including authentication and
fine-grained access control, which restricts user access to
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predefined sets of APIs. The HTTP Server forwards API
requests to RE manager over an encrypted 0OMQ channel.
The HTTP Server also performs caching of large data
structures, such as lists of available plans and devices, to
minimize load on RE Manager.

QUEUE SERVER PYTHON API

Clients communicate with RE Manager by sending
JSON API requests. The Bluesky Queue Server API pack-
age [4] is designed to provide Python application develop-
ers with convenient access to all API, avoiding low-level
formatting of JSON requests. The package also provides
additional features that simplify programming, such as
built-in local caching of downloaded data, wait for func-
tions, etc. The API package works consistently over HTTP
and OMQ, allowing development of the code compatible
with both protocols. REST API also includes support for
authentication and access control. The package provides
both thread-based and async versions of the APL

The example code in Fig. 5 demonstrates how the re-
quest to start execution of the queue can be sent to the
Queue Server using the API package. After the request is
submitted, the script is waiting for RE Manager to switch
to idle state, which happens after all plans in the queue are
completed or the queue execution is stopped. Both thread-
based and async versions are shown in the example.

# Synchronous code ( HTTP, OMQ)
RM.queue_start()
try:
RM.wait_for_idle(timeout= 120)  # Wait for 2 minutes

# The queue is completed or stopped, RM Manager is idle
except RM.WaitTimeoutError:
# Processing of the timeout error

# Asynchronous code
awaif  RM.queue_start()
try:
awaif  RM.wait_for_idle(timeout= 120)  # Wait for 2 minutes
# The queue is completed or stopped, RM Manager is idle
except RM.WaitTimeoutError:
# Processing of the timeout error

(HTTP, 0MQ)

Figure 5: Code example using QS Python API package.
CLIENT APPLICATIONS

While developers are encouraged to include support for
QS in their custom applications, two generic clients are in-
cluded with the package.

The gserver CLI tool is installed as part of bluesky-
queueserver package [3]. The tool allows sending com-
mands to QS directly from command line and provides ac-
cess to most of the APIs. While controlling the server from
CLI is not practical during user operations, it is still a use-
ful tool for evaluation of QS or troubleshooting of the sys-
tem. The commands for adding a plan to the queue and
starting execution of the queue and the output to those
commands are shown in Fig. 6.

The queue-monitor GUI application is installed as part
of bluesky-widgets package [6]. The application includes
widgets for controlling all basic functions of QS and sup-
port for most of the experimental tasks. It can also be used
for monitoring RE Manager alongside custom applications
optimized for particular workflows. The screenshot of the
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main window of queue-monitor application is shown in
Fig. 7.

$ gserver queue add plan '{"name": "count", "args": [["det1",
"det2"]], "kwargs": {"num": 10, "delay": 1}}'
10:04:49 - MESSAGE:
{litem": {'args": [['det1’,
'item_type': 'plan’,
‘item_uid": '0aa7f1be -3923- 4d67- ba7b- b19d26ec6291',
'kwargs'": {'delay": 1, 'num': 10},
'name": 'count’,
'user': 'gserver -cli',
'user_group': 'primary'},

'det2]],

msg": ",

' gsize": 1,

'success': True}

$ gserver queue start
10:04:50 - MESSAGE:
{'msg" ", 'success'": True}

Figure 6: gserver CLI tool.

BlueSky Queue Monitor - o ®

Environment Queve Plan Execution RE Manager Status
RE Environment: OPEN Queue is running: YES ‘
Manager state: EXECUTING_QUEUE ~ Queue STOP pending:NO |
RE state: RUNNING Queue LOOP mode: ON

Items in history: 1352 Items in queue: 14 ‘

RUNNING Pause: Deferred| | Pause: Immediate

Destroy Stop.

Plan Viewer | Plan Editor RUNNING PLAN Copy to Queue,

Plan: - v All Parameters QUEUE ITEM

Parameter Value

Edit and Control Queue | Monitor Queue

felay: 1
Runs:
8909d98c-d212-4d89-a64e-ad2bSesb86eS In progress .

HISTORY Clear History
s Name, STATS i Bammeterm I
1336 P count completed detectors: ['det1], num: 10, delay: 1
1337 P count completed detectors: [det1’], num: 10, delay: 1
1338 P count completed detectors: [det1’], num: 10, delay: 1
1339 P count completed detectors: ['det1'], num: 10, delay: 1

QUEUE Up| Down|[Top| Bottom| Deselect Clear [Loop| [Delete| [Duplicate
USER  GROUP
: 1 GUI Client admin

1340 P count completed detectors: ['det1’], num: 10, delay: 1
1341 P count completed detectors: ['det1], num: 10, delay: 1
1342 P count completed dete ], num: 10, delay: 1
1343 P count completed dete 1, num: 10, delay: 1
1344 P count completed dete fet1], num: 10, delay: 1
1345 P count completed detectors: ['det1’], num: 10, delay: 1
1346 P count completed detectors: ['det1’], num: 10, delay: 1

1347 P count completed detectors: ['det1’], num: 10, delay: 1

1348 P count completed detectors: ['det1’], num: 10, delay: 1
1349 P count completed dete 'det1'], num: 10, delay: 1
1350 P count completed dete fet1'], num: 10, delay: 1

9 P count [de y: 1 GUI Clier n
10 P count detectors: [det1], num: 10, delay: 1 GUI Client admin
11P count detectors: [det1'], num: 10, delay: 1 GUI Client admin
12/P count detectors: [det1'], num: 10, delay: 1 GUI Client admin
13/P count detectors: [det1], num: 10, delay: 1 GUI Client admin

1351 P count completed dete jet1'], num: 10, delay: 1

1352 P count completed detectors: [det1], num: 10, delay: 1

Ready.

Figure 7: queue-monitor GUI application.

CONCLUSION

QS is an extension of the Bluesky software stack that fa-
cilitates service-based architecture of the control system.
QS was extensively tested at NSLS-II beamlines and
proved to be a useful tool for remote and autonomous con-
trol, including multimodal experiments [8]. It was demon-
strated that separating plan execution engine into a separate
service significantly improves reliability of GUI-based
control by forcing strong separation between GUI and con-
trol code. QS is currently used or evaluated by other facil-
ities, including ALS, SLAC, APS, BESSY, Australian Syn-
chrotron and PLS-II.

The research described herein is Fundamental Research
as defined in the EAR (15 CFR §734.8) or Part 810 (10
CFR §810.3), as applicable, and as described in the USD
(AT&L) memoranda on Fundamental Research, dated May
24,2010, and on Contracted Fundamental Research, dated
June 26, 2008.
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