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Flux:  
A Fully Hierarchical Workload Manager 
IRU�6XSHUFRPSXWLQJ�:RUNȵRZV� 

1. PRODUCT/SERVICES CATEGORIES

A. Title

)OX[��$�)XOO\�+LHUDUFKLFDO�:RUNORDG�0DQDJHU�IRU�6XSHUFRPSXWLQJ�:RUNȵRZV

B. Product category

Software/Services | Special Recognition: Battling COVID-19 

2. R&D 100 PRODUCT/SERVICE DETAILS

A. Primary submitting organization 

Lawrence Livermore National Laboratory

B. Co-developing organization 

University of Tennessee, Knoxville

C. Product brand name

Flux: Next-Generation Workload Management Software Framework
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D. Product introduction 

This product was introduced to the market between January 1, 2020, and March 31, 2021. 
This product is not subject to regulatory approval.

E. Price in U.S. Dollars

Free. Flux is open source and free to users.

 
F. Short description 

Flux is a next-generation workload management software framework for 
high-performance computing (HPC). It combines fully hierarchical resource 
management with graph-based scheduling to improve the performance, 
SRUWDELOLW\��ȵH[LELOLW\��DQG�PDQDJHDELOLW\�RI�VFKHGXOLQJ�DQG�H[HFXWLRQ�RI�FRPSOH[�
VFLHQWLȴF�ZRUNȵRZV�RQ�+3&�V\VWHPV�ERWK�DW�WKH�V\VWHP�DQG�XVHU�OHYHO�

G. Type of institution represented

Government or Independent Lab/Institute 
University/Academic

H. Submitter’s relationship to product

Product developer

I. Photos

J. Video

youtu.be/YIwt51dyXOE

Flux product information, documentation, and other 
details are available at ȵX[�IUDPHZRUN�RUJ�

Fig. 1a
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3. PRODUCT/SERVICE DESCRIPTION

A. What does the product or technology do? 

Flux [1] is a next-generation workload management framework for supercomputers, 
high-performance computing (HPC) clusters, servers in the cloud and laptops.

Flux manages massive numbers of processors, memory and other resources of 
a computing system and assigns the work requested by users—also known as 
jobs or workloads—to one or more available resources that complete the work, a 
method known as scheduling. A job is typically expressed in a script that contains 
D�IRUPDO�VSHFLȴFDWLRQ�WKDW�UHTXHVWV�UHVRXUFHV��LGHQWLȴHV�DSSOLFDWLRQV��H�J���PXOWL�
physics simulation software to run simultaneously across resources) along with 
their input data and environment, and describes how to deliver the output data. 
0RGHUQ�VFLHQFH�FRPSXWLQJ�FDPSDLJQV�RI�VXɝFLHQW�FRPSOH[LW\�UHTXLUH�PDQ\�VXFK�
jobs that contain numerous interconnected computational and other tasks [2]. The 
composition of numerous interdependent tasks that are spread across many jobs 
DV�ZHOO�DV�ZLWKLQ�HDFK�MRE�LV�RIWHQ�UHIHUUHG�WR�DV�D�VFLHQWLȴF�RU�FRPSXWLQJ�ZRUNȵRZ��
distinguishing itself from a single job or workload.

Workload management software like Flux is critical for HPC users because it enables 
HɝFLHQW�H[HFXWLRQ�RI�XVHU�OHYHO�DSSOLFDWLRQV�ZKLOH�VLPXOWDQHRXVO\�SURYLGLQJ�WKH�+3&�
facility with tools to maximize overall resource utilization [4]. HPC centers typically 
SURYLGH�D�ZLGH�UDQJH�RI�FRPSXWLQJ�V\VWHPV�RQ�ZKLFK�VFLHQWLȴF�DSSOLFDWLRQV�SHUIRUP�
FRPSXWDWLRQV��7KH�ZRUNORDG�PDQDJHU�LV�UHVSRQVLEOH�IRU�HɝFLHQWO\�GHOLYHULQJ�
compute cycles of these systems to multiple users while considering their diverse 
resource types—e.g., compute racks and nodes, central and graphics processing 
units (CPUs and GPUs), multi-tiered disk storage [5]. Figure 1 depicts how Flux 
enables extreme-scale science.

However, two broad technical trends are making even the best-in-class products 
VLJQLȴFDQWO\�LQH΍HFWLYH��7KH�ȴUVW�WUHQG�LV�WKH�HYROXWLRQ�RI�ZRUNORDGV�IRU�+3&��:LWK�
the convergence of conventional HPC with new simulation, data analysis, machine 
OHDUQLQJ��0/���DQG�DUWLȴFLDO�LQWHOOLJHQFH��$Ζ��DSSURDFKHV��UHVHDUFKHUV�DUH�XVKHULQJ�
LQ�QHZ�VFLHQWLȴF�GLVFRYHULHV��DGGUHVVLQJ�RXU�VRFLHW\ȇV�PRVW�SUHVVLQJ�FKDOOHQJHV��%XW�
WKLV�HYROXWLRQ�DOVR�SURGXFHV�FRPSXWLQJ�ZRUNȵRZVȃRIWHQ�FRPSULVLQJ�PDQ\�GLVWLQFW�
tasks interacting with one another [6–9]—that are far more complex than traditional 
SURGXFWV�FDQ�VXɝFLHQWO\�PDQDJH��6HFRQG��KDUGZDUH�YHQGRUV�KDYH�VWHDGLO\�
introduced new resource types and constraints into HPC systems. Multi-tiered disk 
VWRUDJH��&38V�DQG�*38V��SRZHU�HɝFLHQF\�DGYDQFHPHQWV��DQG�RWKHU�KDUGZDUH�

http://www.llnl.gov
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FRPSRQHQWV�KDYH�JDLQHG�WUDFWLRQ�LQ�DQ�HUD�LQ�ZKLFK�QR�VLQJOH�FRQȴJXUDWLRQ�UHLJQV��
Many HPC architectures push the frontiers of compute power with hybrid (or 
KHWHURJHQHRXV��FRPELQDWLRQV�RI�SURFHVVRUV�>��@��DV�LQ�//1/ȇV�6LHUUD�VXSHUFRPSXWHU�
[11] and other pre-exascale systems [12].1 The workload management software 
must manage and consider extremely heterogeneous computing resources and their 
UHODWLRQVKLSV�IRU�VFKHGXOLQJ�LQ�RUGHU�WR�UHDOL]H�D�V\VWHPȇV�IXOO�SRWHQWLDO�

1. Exascale computers will be capable of at least a quintillion (1018) calculations per second.
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)LJXUH����$�FRPSOH[�+3&�ZRUNȵRZȃVXFK�DV�WKDW�IRU�D�GUXJ�GLVFRYHU\�SURMHFWȃLV�FRPSRVHG�RI�QXPHURXV�
LQWHUFRQQHFWHG�WDVNV�WKDW�DUH�DOORFDWHG�DQG�DVVLJQHG�WR�GLYHUVH�VHWV�RI�UHVRXUFHV��H�J���UDFNV��QRGHV��&38V��
*38V��GLVN�VWRUDJH���&RPSOH[�ZRUNȵRZV�FDQ�KDYH�YDU\LQJ�UHVRXUFH�UHTXLUHPHQWV��LQWHUGHSHQGHQFHV��DQG�
LQWHUDFWLRQ�SDWWHUQV��:LWK�D�JURZLQJ�WUHQG�WRZDUG�KLJKHU�FRPSOH[LW\�LQ�PRGHUQ�ZRUNȵRZV��+3&�ZRUNORDG�
PDQDJHUV�PXVW�H΍HFWLYHO\�HQDEOH�WKH�VFKHGXOLQJ�DQG�H[HFXWLRQ�RI�WKHLU�WDVNV�DQG�GLUHFW�WKHP�WR�UXQ�
RQ�VSHFLȴF�DUHDV�RI�WKH�FRPSXWLQJ�KDUGZDUH��)OX[�SURYLGHV�D�ȵH[LEOH�DQG�FXVWRPL]DEOH�IUDPHZRUN�IRU�
ZRUNȵRZV��ERWK�IRU�+3&�DQG�WKH�FORXG�>�@��:LWK�LWV�XQLTXH�IHDWXUHV��VXFK�DV�IXOO\�KLHUDUFKLFDO�UHVRXUFH�
PDQDJHPHQW�DQG�JUDSK�EDVHG�VFKHGXOLQJ��)OX[�HQDEOHV�H[WUHPH�VFDOH�VFLHQFH�

http://www.llnl.gov
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Flux solves the key technical problems that emerge from these trends. It combines 
fully hierarchical resource management with graph-based scheduling to improve the 
SHUIRUPDQFH��SRUWDELOLW\��ȵH[LELOLW\��DQG�PDQDJHDELOLW\�RI�WKH�VFKHGXOLQJ�DQG�H[HFXWLRQ�
RI�ERWK�VWDQGDUG�DQG�FRPSOH[�VFLHQWLȴF�ZRUNȵRZV�RQ�D�ZLGH�UDQJH�RI�+3&�V\VWHPV�

Fully Hierarchical Resource Management

)OX[ȇV�IXOO\�KLHUDUFKLFDO�DSSURDFK�WR�UHVRXUFH�PDQDJHPHQW�VROYHV�WKUHH�SULPDU\�
GHȴFLHQFLHV�RI�H[LVWLQJ�ZRUNORDG�PDQDJHU�SURGXFWV�>��Ȃ��@�LQ�HQDEOLQJ�HPHUJLQJ� 
+3&�ZRUNȵRZV�

)LUVW��HYHU\�SURGXFW�SURYLGHV�LWV�RZQ�LQWHUIDFH�WR�ZRUNȵRZV��HDFK�RI�ZKLFK�LV�
LQFRPSDWLEOH�ZLWK�WKH�LQWHUIDFH�SURYLGHG�E\�WKH�RWKHUV��(YHU\�XVHU�RI�D�ZRUNȵRZ�
PXVW�VXSSRUW�HYHU\�SRSXODU�SURGXFW��UHVXOWLQJ�LQ�D�PXOWLSOLFDWLYH�GHYHORSPHQW�H΍RUW��
Instead, Flux is capable of managing resources from almost anywhere, including 
on bare metal resources, virtual machines in the cloud, HPC resources allocated 
by another workload manager product, or even on a single laptop. In practice, this 
PHDQV�D�ZRUNȵRZ�FDQ�FUHDWH�LWV�RZQ�)OX[�LQVWDQFH�WR�PDQDJH�DQG�WR�VFKHGXOH�
DOORFDWHG�UHVRXUFHV�DV�LI�WKH\�ZHUH�LWV�SHUVRQDO�VXSHUFRPSXWHU��:RUNȵRZV�FDQ�DYRLG�
having to support all of the various products and instead be programmed directly in 
)OX[��OHYHUDJLQJ�)OX[ȇV�ȵH[LELOLW\�WR�SURYLGH�SRUWDELOLW\�DFURVV�PXOWLSOH�V\VWHPV�

6HFRQG��PRVW�SURGXFWV�RQO\�SURYLGH�PLQLPDO�VXSSRUW�IRU�D�ZRUNȵRZ�ZKHQ�LW�QHHGV�
to divide its allocated resources among smaller tasks—a common requirement of 
WRGD\ȇV�FRPSXWLQJ�ZRUNȵRZV��6SHFLȴFDOO\��WKHVH�SURGXFWV�DOORZ�D�XVHU�WR�H[HFXWH�
PXOWLSOH�MREV�ZLWKLQ�D�ZRUNȵRZ��EXW�LI�WKRVH�MREV�FRQWDLQ�PDQ\�WDVNV��WKHVH�VROXWLRQV�
make the user pay the cost of scheduling and executing those tasks. The limited 
support for arbitrary sub-division of work within a job adds much higher complexity 
WR�XVHUVȇ�ZRUNȵRZ�VRIWZDUH��VORZV�LWV�UDWH�RI�GHYHORSPHQW��DQG�VLJQLȴFDQWO\�OLPLWV�LWV�
robustness and execution performance.

By contrast, Flux can recursively create nested instances of itself, which in turn aid 
LQ�PDQDJLQJ�DQG�VFKHGXOLQJ�D�VXEVHW�RI�WKH�SDUHQW�LQVWDQFHȇV�UHVRXUFHV��7KLV�PHDQV�
WKDW�ODUJH��FRPSOH[�ZRUNȵRZV�FDQ�HDVLO\�DQG�DXWRPDWLFDOO\�VXE�GLYLGH�WKHLU�MREV�LQWR�
arbitrarily small tasks and still rely on the workload manager to schedule their work 
HɝFLHQWO\�DQG�VFDODEO\��7KLV�FDSDELOLW\�JUHDWO\�VLPSOLȴHV�ZRUNȵRZV��UHGXFLQJ�WKHLU�
code maintenance burden while also improving their performance.

7KLUG��WUDGLWLRQDO�VROXWLRQV�DVVXPH�WKDW�WDVNV�ZLWKLQ�D�ZRUNȵRZ�DUH�LQGHSHQGHQW�
DQG�UHTXLUH�OLWWOH�WR�QR�FRRUGLQDWLRQ�RU�FRPPXQLFDWLRQ��FUHDWLQJ�DQ�DUWLȴFLDO�
EDUULHU�EHWZHHQ�GL΍HUHQW�WDVNV��0RGHUQ�+3&�ZRUNȵRZV�DUH�LQFUHDVLQJO\�FRXSOLQJ�

http://www.llnl.gov
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simulations with in situ analyses or machine-learning and AI models, where the 
results of a simulation are analyzed in real time in a separate task. In order for a task 
WR�FRRUGLQDWH�ZLWK�DQRWKHU�WDVN�ZLWKLQ�WKH�VDPH�ZRUNȵRZ��H�J���in situ analyses) it 
PXVW�RIWHQ�UHVRUW�WR�VROXWLRQV�ZLWK�PDQ\�VLGH�H΍HFWV�>�@�WR�RYHUFRPH�WKLV�EDUULHU�

With the innovation of Flux, jobs or tasks can connect to one another through 
PHVVDJLQJ�RYHUOD\V�DQG�GDWDVWRUHV�EXLOW�GLUHFWO\�LQWR�)OX[ȃD�IHDWXUH�WKDW�VLJQLȴFDQWO\�
facilitates communication between jobs, breaking down the coordination barrier. In 
DGGLWLRQ��)OX[�OHWV�XVHUV�FRQȴJXUH�DQG�PRQLWRU�DOO�MREV�DQG�LQVWDQFHV�UHODWHG�WR�WKHLU�
ZRUNȵRZ�WKURXJK�WKH�FRPPDQG�OLQH�DQG�SURJUDPPLQJ�LQWHUIDFHV�

Figure 2 visually contrasts the complexity of the conventional and new or emerging 
+3&�SDUDGLJPV�LQ�WHUPV�RI�KRZ�WKH\�XWLOL]H�WKH�UHVRXUFHV�DOORFDWHG�E\�WKH�V\VWHPȇV�
ZRUNORDG�PDQDJHU��1HDUO\�DOO�H[LVWLQJ�SURGXFWV�ZHUH�GHVLJQHG�ZKHQ�WKH�ZRUNȵRZV�
ZHUH�PXFK�VLPSOHU�DV�VKRZQ�LQ�)LJXUH��D��<HW��WKHVH�VROXWLRQV�KDYH�VLJQLȴFDQW�
GLɝFXOWLHV�ZLWK�WKH�HPHUJLQJ�SDUDGLJP�H[HPSOLȴHG�E\�)LJXUH��E��DV�ZHOO�DV�ZLWK�
connecting and coordinating jobs. These problems have led users to develop their 
own ad hoc custom scheduling and resource management software or use tools that 
SHUIRUP�RQO\�ZRUNȵRZ�PDQDJHPHQW�RU�RQO\�VFKHGXOLQJ��+RZHYHU��DFFRPSOLVKLQJ�
VXɝFLHQW�MRE�FRRUGLQDWLRQ�without ȴUVW�FODVV�VXSSRUW�IURP�D�ZRUNORDG�PDQDJHU�
OLNH�)OX[�KDV�DOUHDG\�SURYHQ�WR�EH�GLɝFXOW�IRU�HLWKHU�DSSURDFK��3HUKDSV�PRUH�
importantly, developing and maintaining ad hoc management software—especially 

)LJXUH����$Q�LOOXVWUDWLRQ�RI�KRZ�WKH�FRPSXWLQJ�UHVRXUFHV�DOORFDWHG�WR�D�MREȃDV�JUDQWHG�E\�WKH�+3&�
ZRUNORDG�PDQDJHUȃGL΍HUV�EHWZHHQ�FRQYHQWLRQDO�DQG�HPHUJLQJ�VFLHQWLȴF�ZRUNȵRZV��7KH�QRWLRQDO�[�D[HV�
GHSLFW�WKH�FRPSXWH�QRGH�Ζ'V�DOORFDWHG�WR�WKH�MRE�DQG�\�D[HV�GHSLFW�WKH�Ζ'V�RI�FRPSXWLQJ�UHVRXUFHV�LQ�
HDFK�RI�WKHVH�QRGHV���D��7KH�FRQYHQWLRQDO�SDUDGLJP�UHTXLUHV�RQO\�D�VLQJOH�SDUDOOHO�VLPXODWLRQ�DSSOLFDWLRQ�
WR�UXQ���E��7KH�HPHUJLQJ�SDUDGLJP�RIWHQ�UHTXLUHV�PDQ\�GL΍HUHQW�W\SHV�RI�WDVNV�VXFK�DV�DQ�HQVHPEOH�RI�
PROHFXODU�G\QDPLFV��0'��SDUDOOHO�VLPXODWLRQ�DSSOLFDWLRQV�DQG�DQRWKHU�HQVHPEOH�RI�GRFNLQJ�VLPXODWLRQ�
DSSOLFDWLRQV�DORQJ�ZLWK�LQ�VLWX�GDWD�DQDO\VLV�IRU�WKH�0'�HQVHPEOH�ZKLOH�WKHVH�WDVNV�DUH�GULYHQ�E\�DQ�$Ζ�

(a) Conventional paradigm (b) Emerging paradigm

http://www.llnl.gov
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in this era of ever-evolving HPC hardware architectures—has quickly become 
prohibitively expensive for supercomputing application teams.

Illustrative Batch Script Examples 
ΖQ�D�MRE�VFULSW�XVHG�E\�D�VLPSOHU�ZRUNȵRZ��WKH�XVHU�HQWHUV�OLQH���LQ�)LJXUH��D�WR�
submit a job script (line 2) to the system-level workload manager, requesting 256 
compute nodes with 42 CPU cores each. This job script uses the allocated resources 
XQGHU�WKH�FRQYHQWLRQDO�ZRUNȵRZ�SDUDGLJP��VHH�)LJXUH��D���ZKHUH�WKH�DSSOLFDWLRQ�
(i.e., sim.app) is executed across 256 compute nodes simultaneously, which then 
work together to perform a computationally challenging problem such as a physics 
VLPXODWLRQ��0RUH�VSHFLȴFDOO\�����FRSLHV�RI�WKH�sim.app software will be launched and 
run on each of the 256 compute nodes, with one copy per CPU core.2

Figure 3b shows a job script with multiple tasks submitted on a heterogeneous HPC 
system. Notice this script still remains simple with Flux, requiring only a few more 
lines within the script. Similar to the previous example, at line 1, the user submits 
a job script (through lines 2–5) with a request of 256 compute nodes each with 42 
CPU cores—now also with 6 GPU resources (-g6). When this request is granted, 
Flux automatically creates a child instance that manages the requested resources. 
7KLV�MRE�VFULSW�WKHQ�XVHV�WKLV�LQVWDQFH�DV��LQ�H΍HFW��D�GHGLFDWHG�VXSHUFRPSXWHU�DQG�
submits a series of sub-batch scripts to it. At line 2, the command run.dock.sh is 
again submitted, requesting a subset of the resources: 254 compute nodes with 24 
CPU cores each, and no GPU resources. When this script is assigned to this subset, 
it will again spin up an even smaller Flux instance and run many smaller docking 
simulation applications under it. Similarly, at line 3, another sub-job script is submitted 
to this instance with a request of 192 nodes each with 18 CPU-core and all of the 
GPU resources—this time to execute a combined set of molecular dynamics (MD) 
simulations along with data analytics applications. Line 4 initiates the third sub-job 
script that runs AI applications to accelerate certain part of this computation with 
a request of 64 nodes, again each with 18 CPU-core and all of the requested GPU 
resources. At line 5, »�������������� directs the top-level batch script to wait until 
all three sub-jobs will complete. To accomplish this under other more traditional 
SURGXFWV��HDFK�GL΍HUHQW�ZRUNȵRZ�WHDP�HLWKHU�GHYHORSV�LWV�RZQ�ad hoc software or 
UHOLHV�RQ�D�VHSDUDWH�ZRUNȵRZ�PDQDJHPHQW�VRIWZDUH��7KH�HɝFLHQF\��UREXVWQHVV��
DQG�VFDODELOLW\�RI�WKHVH�VRIWZDUH�VROXWLRQV�YDU\�ZLOGO\��WKH�XVHU�RI�HDFK�ZRUNȵRZ�
ZRXOG�QHHG�WR�ȴQG�DQG�UHDG�WKH�GRFXPHQWDWLRQ��OHDUQ�DERXW�QHZ�LQWHUIDFHV��WKHQ�
install and deploy them. These examples can become even more complex. What if 

2. -n�VSHFLȴHV�WKH�QXPEHU�RI�FRSLHV�WR�EH�ODXQFKHG���������LV�HTXDO�WR����WLPHV�����DQG�WKHUHIRUH�UHTXHVWV�RQH�SURFHVV�SHU�
CPU core in the allocation.

http://www.llnl.gov
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WKH�ȴUVW�MRE�QHHGHG�WR�FRQQHFW�WR��DQG�UHPRWHO\�VXEPLW�WDVNV�WR��WKH�VHFRQG�MRE"�
However, with Flux, such communication and coordination between distinct batch 
jobs can be easily accomplished using the same interfaces—in fact, the user needs 
RQO\�PDNH�D�VLQJOH�OLQH�FKDQJH�WR�WKH�ȴUVW�VFULSW�LQ�RUGHU�WR�VXEPLW�D�QHZ�WDVN�VXFK�
as an AI re-training task remotely into the Flux instance managing the second job: 
e.g., inserting 	���ɏ���ʰɛſ
����ɏɪ�ɏ��Ŝ��ƀ�»���������������������Ŝ�� into 
a line between 2 and 3 of Figure 3a.3�%DVHG�RQ�WKLV�UHTXHVW��WKH�ȴUVW�MRE�XVHV�WKH�
connector built into the Flux instance of the second job, then channels the same Flux 
commands to batch additional tasks or retrieve the status of the simulation run.

Graph-Based Scheduling in Each Flux Instance

:RUNȵRZ�FRPSOH[LW\�TXLFNO\�PXOWLSOLHV�DV�GLVWLQFW�WDVNV�RI�WRGD\ȇV�VFLHQWLȴF�
ZRUNȵRZV�RIWHQ�KDYH�YDVWO\�GL΍HUHQW�UHTXLUHPHQWV�LQ�UHVRXUFH�W\SHV��H�J���&38�
or GPU), duration of resource usage, and the relationships among resources. 
)XUWKHUPRUH��WR�VDWLVI\�QHZ�UHVRXUFH�GHPDQGV�PDGH�E\�DPELWLRXV�VFLHQWLȴF�
studies and interdisciplinary research, HPC systems continue to increase in size 
and integrate numerous types of processing elements situated locally and in the 
cloud. As systems become larger and more diverse, they also become dynamic: 
Hardware and software components can vary as they are disused, fail, or change 
price. Managing complex combinations of resources that change over time requires 
elevating resource relationships to an equal footing with resources themselves.

3.  
����ɏɪ�ɏ��Ŝ���is a simple custom script that returns the job ID of the Flux instance running docking simulation 
applications within the second job.

(b) Emerging batch job script

(a) Conventional batch job script

)LJXUH����&RPSDUHG�WR�D�FRQYHQWLRQDO�UHTXHVW��D���D�MRE�UHTXHVW�IRU�DQ�HPHUJLQJ�+3&�ZRUNȵRZ��E��
WKDW�GLYLGHV�XS�KHWHURJHQHRXV�UHVRXUFHVȃ�������&38�FRUHV�DQG�������*38VȃLQWR�PXOWLSOH�WDVNV�VWLOO�
UHPDLQV�TXLWH�VLPSOH�XQGHU�)OX[�DV�HDFK�WDVN�LV�UHFXUVLYHO\�PDQDJHG�E\�D�FKLOG�)OX[�LQVWDQFH�DQG�D�
VXE�MRE�VFULSW�
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Current-generation workload management products are designed to manage static, 
homogeneous HPC systems of the past, and their representation of resources 
UHȵHFWV�WKLV�ULJLG�WKLQNLQJ��'DWD�PDQDJHPHQW�DQG�VWRUDJH�VWUXFWXUHV�GHVLJQHG�IRU�
HɝFLHQWO\�UHSUHVHQWLQJ�FRPSXWH�QRGH�FHQWULF�KDUGZDUH�UHVRXUFHV�GR�QRW�HQFRGH�
FRPSOH[�DQG�FKDQJLQJ�UHODWLRQVKLSV��H�J���SRZHU�FDSSLQJ��QHWZRUN�ȵRZV��ORFDWLRQ���
which makes them incapable of representing important components of newer 
heterogeneous, dynamic systems. Flux overcomes the limitations of current products 
by basing its resource representation (a model for characterizing resources) on a 
GLUHFWHG�JUDSKȃD�SRZHUIXO�DQG�H[SUHVVLYH�VWUXFWXUH�FDSDEOH�RI�G\QDPLFDOO\�GHȴQLQJ�
arbitrary resource types [17].

A directed graph is an abstract mathematical structure that associates objects 
(vertices) via directed relationships (edges). For example, a social media network is 
a directed graph; users are vertices, and communications between two users are 
HGJHV�ZKHUH�GLUHFWLRQ�FDQ�EH�GHȴQHG�E\�WKH�XVHU�ZKR�ȴUVW�FRQWDFWV�WKH�RWKHU��ΖQ�
the case of Flux, a vertex can be a hardware resource (e.g., a CPU or compute node), 
and an edge can indicate containment (i.e., a server contains a CPU). Figure 4 is a 
visual representation of resource vertices and edges in a system with multi-tiered 
disk storage that can be allocated as a global pool or with respect to the distance 
(measured in number of edges) from other resources (e.g., a core). Matching a 
resource request consists of descending into the graph and checking vertices for 
VXLWDELOLW\��6SHFLI\LQJ�GL΍HUHQW�YHUWH[�DQG�HGJH�VWUXFWXUH�DOORZV�IRU�WUHPHQGRXV�
UHTXHVW�ȵH[LELOLW\��6HOHFWLQJ�VROLG�VWDWH�GULYHV�LQ�)LJXUH���YLD�D�SDWK�WKURXJK�D�UDFN�
(e.g., purple vertex rack0 to green vertex ���ɨɏɥ) versus through ���ɩɏɥ (orange 
vertex near the graph center) permits priority based on proximity which is extremely 
GLɝFXOW�IRU�FXUUHQW�JHQHUDWLRQ�VFKHGXOHUV�WR�UHSOLFDWH��7KH�DELOLW\�WR�DOORFDWH�
UHVRXUFHV�LQ�GL΍HUHQW�ZD\V�EDVHG�RQ�SDWKV�LV�D�XQLTXH�FDSDELOLW\�RI�)OX[��DQG�RQH�
that is necessary for the upcoming El Capitan exascale system at LLNL.

Using a directed graph as a foundation for resource representation provides Flux 
ZLWK�VHYHUDO�NH\�FDSDELOLWLHV��7KH�DEVWUDFW�PRGHO�IDFLOLWDWHV�WUHPHQGRXV�ȵH[LELOLW\��
Any type of resources (e.g., hardware, software, power distribution units) can be a 
YHUWH[��DQG�UHODWLRQVKLSV�EHWZHHQ�YHUWLFHV�DUH�ZHOO�GHȴQHG��+LHUDUFKLFDO�VFKHGXOLQJ�
assumes an elegant form when based on a directed graph model. Each Flux instance 
manages and schedules a subgraph (subset of the vertices and edges) of the resource 
JUDSK��ZKHUH�D�FKLOG�LQVWDQFHȇV�SXUYLHZ�LV�D�VXEJUDSK�RI�LWV�SDUHQW��)XUWKHUPRUH��D�
tremendous number of algorithmic techniques and optimized software libraries exist 
for performing fast operations on directed graphs. By basing its resource model on a 
directed graph, Flux integrates the fruits of algorithmic development to perform many 
required operations: e.g., quickly checking resource states, scheduling allocations, 
adding/removing resources, and transforming representations.

http://www.llnl.gov
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)LJXUH����$�GLUHFWHG�JUDSK�RI�WKH�PXOWL�WLHUHG�VWRUDJH�WHVW�V\VWHPȇV�YHUWLFHV�DQG�HGJHV�VKRZV�
UHODWLRQVKLSV�EHWZHHQ�GL΍HUHQW�UHVRXUFHV�VXFK�DV�GLVN�VWRUDJH�QRGHV�DQG�*38�SURFHVVRUV��)OX[�XVHV�
WKLV�PDWKHPDWLFDO�PRGHO�WR�FRRUGLQDWH�MRE�DOORFDWLRQ�DPRQJ�UHVRXUFHV��XOWLPDWHO\�HQVXULQJ�DQ�+3&�
ZRUNȵRZ�H[HFXWHV�LQ�WKH�PRVW�UHVRXUFH�HɝFLHQW�ZD\��7KH�VPDOOHU�JUDSK�RQ�WKH�ULJKW�LV�DQ�H[DPSOH�RI�D�
UHVRXUFH�UHTXHVW�WKDW�LV�PDWFKHG�LQ�WKH�UHVRXUFH�JUDSK�

http://www.llnl.gov
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Scheduling operations are basic procedures in the context of directed graphs. 
To request a resource allocation, users specify their needs in a common markup 
language. Flux transforms the request into a directed graph, which it uses as 
D�WHPSODWH�WR�ȴQG�PDWFKLQJ�UHVRXUFHV�LQ�WKH�V\VWHP�UHVRXUFH�PRGHO��)LQGLQJ�
resources amounts to checking resource vertices for availability, which Flux performs 
with its highly optimized implementation of GHSWK�ȴUVW�JUDSK�VHDUFK��'HSWK�ȴUVW�
search is a ubiquitous technique for traversing each graph edge to the end (i.e., 
depth) before searching other edges.

7KH�IXWXUH�RI�FRPSXWLQJ�UHTXLUHV�ȵH[LELOLW\�DQG�G\QDPLVP��DQG�WKH�DELOLW\�WR�FKDQJH�
WKH�JUDSK�PRGHO�LQ�DQ\�ZD\�DW�DQ\�WLPH�LV�RQH�RI�)OX[ȇV�SULPDU\�IHDWXUHV��$GGLQJ�RU�
removing resources is a straightforward matter of graph editing through well-known 
techniques for inserting or deleting subgraphs. Unlike existing products, Flux permits 
G\QDPLF�WUDQVIRUPDWLRQ�RI�LWV�UHVRXUFH�PRGHO�ZLWKRXW�PDQXDO�UHFRQȴJXUDWLRQ�DQG�
restart of the scheduler, which enables automated changes in resource relationships 
and addition or removal of resources. Mutability at-will is essential for supporting 
dynamic systems, as the traditional approach of accounting for every possible type 
RI�UHVRXUFH�LQ�HDFK�FRQFHLYDEOH�FRQȴJXUDWLRQ�LV�LQWUDFWDEOH��&RPSOHWH�ȵH[LELOLW\�RI�
H[SUHVVLRQ�FRXSOHG�ZLWK�WUXH�G\QDPLVP�DQG�HɝFLHQW�UHVRXUFH�DOORFDWLRQ�DOORZV�)OX[�
to integrate and manage any resource representable by a directed graph at any time.

Flux Enables Extreme-Scale Science and Engineering

Spurred by the growing convergence of conventional HPC and new simulation, data 
analysis, and ML/AI techniques, the computational science community has been 
HPEUDFLQJ�PXFK�PRUH�GLYHUVH�ZRUNȵRZ�VROXWLRQV�WKDQ�HYHU�EHIRUH��7KHVH�WUHQGV�
are already pushing the limits of the existing workload management products. 
Flux has been able to provide innovative solutions. Furthermore, our development 
WHDP�EURXJKW�D�FR�GHVLJQ�VWUDWHJ\�WR�HDUO\�VFLHQWLȴF�XVH�FDVHV��UHVXOWLQJ�LQ�IHDWXUH�
enrichments and further performance and scalability improvements. With the 
ȴUVW�FODVV�ZRUNȵRZ�HQDEOLQJ�VXSSRUW�RI�)OX[��WKH�VRIWZDUH�FRPSOH[LW\�RI�GRPDLQ�
VSHFLȴF�ZRUNȵRZ�PDQDJHPHQW�VRIWZDUH�ZDV�JUHDWO\�UHGXFHG��RIWHQ�WR�MXVW�D�WKLQ�
wrapper around Flux, and the overall end-to-end performance and scalability 
RI�ZRUNȵRZV�ZHUH�VLJQLȴFDQWO\�LPSURYHG��7KLV�VHFWLRQ�KLJKOLJKWV�VRPH�RI�WKH�
UHSUHVHQWDWLYH�VFLHQWLȴF�DQG�HQJLQHHULQJ�EUHDNWKURXJKV�WKDW�)OX[�KDV�HQDEOHG�

Cancer Research 
The JDACS4C program—Joint Design of Advanced Computing Solutions for Cancer—
is a partnership between the Department of Energy (DOE) and the National Cancer 
Institute to advance cancer research using emerging exascale HPC capabilities. The 
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3LORW���SURMHFW�ZLWKLQ�-'$&6�&�VHHNV�WR�GHYHORS�H΍HFWLYH�+3&�VLPXODWLRQ�PHWKRGV�
to uncover the detailed characterizations of the behavior of RAS proteins on cellular 
membranes. The RAS protein family are small GTPase-signaling proteins involved 
with the control of cell division and growth. Mutations leading to increased RAS 
activity contribute to a wide range of cancers, and up to 30% of human cancers are 
linked to mutations in the RAS gene family [19]. RAS proteins typically signal their 
GRZQVWUHDP�H΍HFWRUV�ZKHQ�ERXQG�WR�WKH�OLSLG�ELOD\HU�RI�FHOOXODU�PHPEUDQHV��DQG�
drugs that inhibit RAS activity do not exist yet.

5HVROYLQJ�5$6�PHPEUDQH�G\QDPLFV�DQG�DJJUHJDWLRQ�LV�D�GLɝFXOW�WDVN�DV�PDFUR�
scale length and time scales are needed; yet micro-scale molecule-level details are 
also required to capture protein–protein and protein–lipid interactions. To resolve 
RAS structure and dynamics on cellular membranes, the Pilot 2 team developed the 
Multiscale Machine-Learned Modeling Infrastructure (MuMMI) [7], which can sample 
GDWD�DW�WKH�PDFUR�VFDOH�ZLWK�H΍HFWLYH�PLFUR�VFDOH�UHVROXWLRQ��7KLV�SURFHVV�LV�GHSLFWHG�
in Figure 5.

A macro model is simulated at the membrane level with 300 RAS molecules, which 
is then coupled with an ML module that drives the sampling of patches, small 
neighborhoods around an RAS molecule. These patches are then used to instantiate 
and run corresponding MD simulations.

7KH�0X00Ζ�ZRUNȵRZ�UHYHDOV�PDQ\�ZRUNORDG�PDQDJHPHQW�FKDOOHQJHV�IRU�ZRUNORDG�
PDQDJHUV�RQ�SUH�H[DVFDOH�PDFKLQHV��7KHVH�GLɝFXOWLHV�LQFOXGH�QHHGLQJ�WR�FR�
VFKHGXOH�DQG�WR�FRRUGLQDWH�FRXSOHG�VLPXODWLRQ�DSSOLFDWLRQV�DW�GL΍HUHQW�VFDOHV�LQ�D�
KLJKO\�VRSKLVWLFDWHG�PDQQHU��6SHFLȴFDOO\��LW�FR�VFKHGXOHV�PDFUR�PRGHOV�ZLWK�VHYHUDO�
thousand MD simulations along with an ML module that prioritizes simulations 

)LJXUH����$GGUHVVLQJ�PDQ\�LPSRUWDQW�ELRORJLFDO�TXHVWLRQV�UHTXLUHV�ODUJH�OHQJWK��DQG�WLPH�VFDOHV��\HW�DW�WKH�
VDPH�WLPH�PROHFXODU�OHYHO�GHWDLOV��)OX[�VFDODEO\�DQG�SRUWDEO\�HQDEOHV�WKH�0X00Ζ�ZRUNȵRZ�WR�VLPXODWH�
SURWHLQȂOLSLG�G\QDPLFV�IRU�D���wP�[���wP�PHPEUDQH�VXEVHFWLRQ�DW�QHDU�DWRPLVWLF�UHVROXWLRQ�
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G\QDPLFDOO\�DW�D�KLJK�UDWH�DQG�D�GDWD�VWRUH�WR�FRRUGLQDWH�WKH�GDWD�ȵRZ�EHWZHHQ�
GL΍HUHQW�WDVNV�UXQQLQJ�RQ�&38V�DQG�*38V��)LJXUH���VKRZV�KRZ�WKH�0X00Ζ�ZRUNȵRZ�
used Flux to help schedule and execute various types of applications at large scale. 

2ZLQJ�WR�)OX[��0X00ΖȇV�PXOWL�OD\HUHG��KLJK�WKURXJKSXW�VLPXODWLRQ�ZRUNȵRZ�FRXOG�
HɝFLHQWO\�DQG�H΍HFWLYHO\�SURFHHG�E\�WKLQ�GRPDLQ�VSHFLȴF�ZRUNȵRZ�PDQDJHPHQW�
software tools, a combination of LLNL-developed software system called Maestro 
[20] and an ML-based tool that is coupled closely to the macro simulations. 
6SHFLȴFDOO\��WKH�0/�EDVHG�WRRO�SURFHVVHV�VLPXODWLRQ�IUDPHV�DQG�GHFRPSRVHV�HDFK�
frame into hundreds of patches, one for each RAS. These patches are scored by its 
pre-trained machine-learned model. The most “interesting” candidate patches—
ones with highest scores—are fed to micro-scale MD simulation tasks, which are 
submitted, scheduled and executed by Flux.

In a departure from the traditional products, Flux provides many knobs 
to specialize and tune its scheduling policies so that it can deliver the best 
SHUIRUPDQFH�IRU�HDFK�GL΍HUHQW�W\SH�RI�ZRUNORDG��ΖQ�WKH�FDVH�RI�0X00Ζ��)OX[ȇV�
MRE�TXHXLQJ�FDSDELOLW\�LV�ȴUVW�VSHFLDOL]HG�WR�D�ȴUVW�FRPH��ȴUVW�VHUYHG��)&)6��SROLF\��
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)LJXUH����7KH�DZDUG�ZLQQLQJ�0X00Ζ�SURMHFW�XWLOL]HV�KHWHURJHQHRXV�&38�*38�UHVRXUFHV�WR�SHUIRUP�
GL΍HUHQW�FRPSOH[�VLPXODWLRQ�DQG�GHFRPSRVLWLRQ�MREV�VLPXOWDQHRXVO\��6KRZQ�KHUH�DUH�WKH�QXPEHU�RI�
SURFHVVRUV�XVHG�IRU�D�W\SLFDO�0X00Ζ�UXQ�RI�������QRGHV�RQ�//1/ȇV�6LHUUD�VXSHUFRPSXWHU��)OX[�DQG�
FRPSOHPHQWDU\�ZRUNȵRZ�VRIWZDUH�WRROV�KDYH�D�VPDOO�IRRWSULQW��WDNLQJ�XS�RQO\�D�VPDOO�IUDFWLRQ�RI�WKH�
FRPSXWH�UHVRXUFHV�DOORFDWHG�WR�D�0X00Ζ�UXQ��H�J���D�VLQJOH�&38�FRUH�RQ�HDFK�QRGH��
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$�W\SLFDO�IDFLOLW\�ZLGH�ZRUNORDG�PDQDJHUȇV�VFKHGXOLQJ�SROLF\�UHTXLUHV�WKH�VFKHGXOHU�
WR�ORRN�DKHDG�DW�DOO�ODWHU�MREV�WR�ȴQG�EDFNȴOOLQJ�RSSRUWXQLWLHV�ZKHQ�WKH�FXUUHQW�MRE�
cannot be scheduled, which is computationally expensive and time consuming. 
With Flux, the queue depth is easily set to 1; the scheduler only looks ahead to 
the next job. This FCFS policy with a single-unit queue-depth parameter keeps the 
VFKHGXOLQJ�SHUIRUPDQFH�RYHUKHDG�DW�ED\ȃDQ�RSWLPL]DWLRQ�ZHOO�VXLWHG�IRU�0X00ΖȇV�
high-throughput workload. Considering only a few jobs when making a decision of 
what to run would be inappropriate for center-wide scheduling that must maintain 
fairness among many users.·

Flux is further specialized to perform its scheduling at the granularity of CPU/GPU 
level instead of at the exclusive node level—again a typical center-wide scheduling 
SROLF\ȃWR�IXOȴOO�0X00ΖȇV�FRPSOH[�VFKHGXOLQJ�UHTXLUHPHQWV��$GGLWLRQDOO\��WR�
accelerate scheduling and reduce the number of waiting jobs maintained by a single 
)OX[�LQVWDQFH��)OX[ȇV�KLHUDUFKLFDO�SROLF\�LV�VSHFLDOL]HG�WR�ODXQFK�D�FKLOG�LQVWDQFH�RQ�
every compute node. The eight jobs related to the four micro-scale simulations 
running on each node are managed through this local instance. Overall, running on 
DOO�RI�6LHUUDȇV�������QRGHV��)OX[�DOORZV�0X00Ζ�WR�XWLOL]H��������*38V�DQG���������
&38V�HɝFLHQWO\�DW�SHDN��VLPXOWDQHRXVO\�UXQQLQJ��������PLFUR�VFDOH�0'�VLPXODWLRQV�

In November 2019, the MuMMI team won the SC19 Best Paper Award5 for this 
LQQRYDWLYH�FRPSXWLQJ�ZRUNȵRZ�DSSURDFK�WKDW�HQDEOHV�D�QHZ�JHQUH�RI�FDQFHU�
UHVHDUFK��7KH�UHVHDUFK�WHDP�KDV�FRQWLQXHG�WR�DGRSW�)OX[ȇV�QHZHU�IHDWXUHV��DQG�
they successfully ran the next version of MuMMI on the full scale of the Summit 
supercomputer at Oak Ridge National Laboratory (ORNL) in March 2021.

Combating the COVID-19 Pandemic

Near Real-Time Scenario Modeling 
Amid the COVID-19 pandemic, scientists have demanded comple[�VFLHQWLȴF�
ZRUNȵRZV�WR�D�JUHDWHU�GHJUHH�WKDQ�HYHU�EHIRUH��&RPEDWLQJ�WKH�QHZ�JOREDO�FULVLV�KDV�
required U.S. computing leaders at federal agencies and within the DOE complex to 
SDUWQHU�ZLWK�OHDGLQJ�XQLYHUVLWLHV�DQG�WHFKQRORJ\�ȴUPV�ZRUOGZLGH��$V�D�UHVXOW��ODUJH�
computing facilities have seen an unprecedented surge of diverse and complex 
ZRUNȵRZV��0DQ\�PXOWL�GLVFLSOLQDU\�UHVHDUFK�WHDPV�KDYH�EHHQ�VXFFHVVIXOO\�XVLQJ�)OX[�
WR�HQDEOH�PDMRU�&29Ζ'����UHVHDUFK�ZRUNȵRZV�

4. Jobs belonging to multiple users must be considered to be reordered in accordance with the past resource usage of users 
relative to their shares, and to run later jobs if resources cannot currently be utilized by high-priority jobs.

���7KH�DQQXDO�6XSHUFRPSXWLQJ�&RQIHUHQFH��6&��LV�RQH�RI�WKH�PRVW�SUHVWLJLRXV�FRQIHUHQFHV�LQ�WKH�ȴHOG�RI�VXSHUFRPSXWLQJ��
Only one research paper is selected as the best paper of the year.
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&29Ζ'����VSUHDG�PRGHOLQJ�LV�DQ�LPSRUWDQW�FODVV�RI�VFLHQWLȴF�FRPSXWLQJ�ZRUNȵRZV�
as nations urgently need to predict the spread of this virus under various scenarios 
and inform decision makers. For example, a collaboration among LLNL, Los Alamos 
1DWLRQDO�/DERUDWRU\��DQG�WKH�1DWLRQDO�(QHUJ\�5HVHDUFK�6FLHQWLȴF�&RPSXWLQJ�&HQWHU�
�1(56&��LQ�ZKLFK�D�ODUJH�ZRUNȵRZ�FRQVLVWLQJ�RI�DQ�HQVHPEOH�RI�(SL&DVW�HSLGHPLRORJ\�
simulations is employed to model COVID-19 spread patterns and to inform federal 
agencies like FEMA of the prediction. As part of the National Virtual Biotechnology 
/DERUDWRU\��19%/���WKHLU�ZRUNȵRZ�WDSV�LQWR�8�6��FHQVXV�GDWD�WR�PRGHO�VFHQDULRV�VXFK�
as how the virus will spread if schools are open two days a week.

Flux is playing a central role in providing high job throughput performance and 
SRUWDELOLW\�UHTXLUHG�IRU�XUJHQW�GHFLVLRQ�PDNLQJ��)OX[ȇV�IXOO\�KLHUDUFKLFDO�UHVRXUFH�
PDQDJHPHQW�DOORZV�WKLV�FODVV�RI�ZRUNȵRZV�WR�UXQ�PDQ\�PRGHOLQJ�DSSOLFDWLRQ�WDVNV��
HDFK�ZLWK�D�GL΍HUHQW�VFHQDULR��HɝFLHQWO\�DW�RQFH�RQ�D�ODUJH�UHVRXUFH�DOORFDWLRQ��
:LWK�VWULFW�GHDGOLQH�UHTXLUHPHQWV��WKHVH�ZRUNȵRZV�PXVW�DOVR�SRUWDEO\�OHYHUDJH�
FRPSXWLQJ�UHVRXUFHV�IURP�PXOWLSOH�LQVWLWXWLRQV�LQFOXGLQJ�WKH�ZRUOGȇV�PRVW�SRZHUIXO�
supercomputers at ORNL, LLNL, and NERSC. Existing software tools (e.g., SLURM [13] 
DQG�Ζ%0�/6)�>��@��IDOO�VKRUW�RI�PHHWLQJ�DOO�RI�WKH�SURMHFWȇV�UHTXLUHPHQWVȃKLJK�MRE�
WKURXJKSXW��FR�VFKHGXOLQJ�DELOLW\��DQG�SRUWDELOLW\�EHWZHHQ�GL΍HUHQW�+3&�V\VWHPV��/XF�
Peterson, software architect of a main tool used for the NVBL team reported, “With 
)OX[��ZH�FDQ�PRGHO�RQH�VFHQDULR�ZLWK�84�>XQFHUWDLQW\�TXDQWLȴFDWLRQ@�IRU�WKH�HQWLUH�
FRXQWU\�LQ�DERXW�ȴYH�PLQXWHV�RQ�D�IHZ�>/DVVHQ�VXSHUFRPSXWHU@�QRGHVȃWKDW�LV��QHDU�
real-time feedback.” This allowed U.S. policy decision makers to be informed of the 
UHVXOWV�RI�&29Ζ'����VSUHDG�PRGHOLQJ�LQFOXGLQJ�FRQȴGHQFH�OHYHOV�ZLWK�QR�GHOD\�

Fast ML-Based COVID-19 Antiviral Drug Design 
In May 2020, a multidisciplinary LLNL team set out to develop a new highly scalable, 
HQG�WR�HQG�DQWLYLUDO�GUXJ�GHVLJQ�ZRUNȵRZ�WKDW�FRXOG�H[SHGLHQWO\�SURGXFH�SRWHQWLDO�
COVID-19 drug molecules for further clinical testing. This team brought together 
PXOWLSOH�VFLHQWLȴF�H[SHUWV�

• /%$11�>��@��/LYHUPRUH�%LJ�$UWLȴFLDO�1HXUDO�1HWZRUN�7RRONLW��UHVHDUFKHUV�
focused on developing a scalable ML technique to construct a high-quality ML 
model using 1.6 billion chemical compounds.

• ATOM [22] (Accelerating Therapeutics for Opportunities in Medicine) 
researchers coupled this ML model with a generative molecular design (GMD) 
pipeline to increase the probability of creating new COVID-19 antiviral drug 
PROHFXOHV�ZLWK�GHVLUHG�SURSHUWLHV��H�J���GLYHUVLW\��YDOLGLW\��HɝFDF\��VDIHW\��

• ConveyorLC [23] researchers focused on coupling the above with their HPC 
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simulations that evaluate the docking properties of the newly generated drug 
candidate molecules—that is, searching for an appropriate ligand that both 
HQHUJHWLFDOO\�DQG�JHRPHWULFDOO\�ȴWV�WKH�WDUJHW�SURWHLQȇV�ELQGLQJ�VLWH�

• :RUNȵRZ�LQIUDVWUXFWXUH�UHVHDUFKHUV�GHYLVHG�ZRUNȵRZ�PDQDJHPHQW�
WHFKQLTXHV�WR�HQVXUH�WKH�VFDODELOLW\�RI�WKLV�QHZO\�HQYLVLRQHG�FRXSOHG�ZRUNȵRZ�

The team quickly discovered that creating an end-to-end solution based on 
H[LVWLQJ�FRPSRQHQWV�FRXOG�SUHVHQW�WZR�ZRUNȵRZ�LVVXHVȃDQG�WKDW�)OX[�FRXOG�
comprehensively solve them. First, the ConveyorLC docking simulation implements 
its own ad hoc task scheduling on top of message passing interface (MPI) 
functionality, which is not scalable. The team discovered that the scalability of this 
VFKHPH�LQGHHG�OHG�WR�D�VLJQLȴFDQW�UHVRXUFH�XWLOL]DWLRQ�ORVV�VWDUWLQJ�DW����QRGHV��$W�
200 nodes, the highest scale evaluated this scheduling scheme, resource utilization 
KDG�DOUHDG\�GURSSHG�WR��������7KH�VHFRQG�ZRUNȵRZ�FKDOOHQJH�ZDV�WKDW�WKH�*0'�
SLSHOLQH��D�GRPDLQ�VSHFLȴF�ZRUNȵRZ�PDQDJHPHQW�WRRO��KDV�QHYHU�EHHQ�VFDOHG�WR�D�
few compute nodes and beyond. Taken together, the ideal solution must be capable 
RI�XWLOL]LQJ�ODUJH�QXPEHUV�RI�FRPSXWH�QRGHV�E\�ȵH[LEO\�UXQQLQJ�PDQ\�&RQYH\RU/&�
tasks simultaneously each at a small scale (25 nodes) but still exposing this ensemble 
of tasks as a single unit to GMD to overcome its scalability.

)OX[ȇV�IXOO\�KLHUDUFKLFDO�UHVRXUFH�PDQDJHPHQW�KDV�SURYHQ�WR�EH�VXɝFLHQWO\�VFDODEOH�
DQG�ȵH[LEOH�WR�VROYH�ERWK�RI�WKH�SURMHFWȇV�NH\�ZRUNȵRZ�SUREOHPV��)RU�H[DPSOH��
a large Flux instance managed ConveyorLC docking simulations as an ensemble, 
then submitted each docking simulation as sub-batch jobs running on their own 
small Flux instance to the parent instance. Using this hierarchical scheme, the team 
VKRZHG�WKDW�GRFNLQJ�DFKLHYHG��������UHVRXUFH�XWLOL]DWLRQ�LQ�WKH�FRPSRVLWH�ZRUNȵRZ�
FRQWH[W�RQ�������QRGHV�RI�//1/ȇV�4XDUW]�VXSHUFRPSXWHU�

2YHUDOO��)OX[�HQDEOHG�WKH�VFDODEOH�HQG�WR�HQG�ZRUNȵRZ�DUFKLWHFWXUH�WKDW�LV�XVHG�IRU�
PDVVLYH�0/�WUDLQLQJ��7KLV�WHDPȇV�PDVVLYH�WUDLQLQJ�ZRUN�>��@�ZDV�QRPLQDWHG�IRU�D�
special category of the 2020 ACM Gordon Bell Prize,6 and was named one of the four 
ȴQDOLVWV��7KH�WHDP�SODQV�WR�VXEPLW�WKH�ZRUNȵRZ�IRFXVHG�ZRUN�WR�WKH�VDPH�FDWHJRU\�
of the ACM Gordon Bell Prize in 2021.

6. Often called the Nobel Prize of supercomputing, the Association for Computing Machinery (ACM) Gordon Bell Prize is one 
of the most prestigious awards that recognizes outstanding achievement in HPC applications.
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Engineering & Design Optimization

8QFHUWDLQW\�4XDQWLȴFDWLRQ��84���9HULȴFDWLRQ�	�9DOLGDWLRQ��9	9� 
UQ is the science of quantitative characterization and reduction of uncertainties 
in both computational and real-world applications. Its goal is to determine the 
likelihood of certain outcomes if some aspects of the system are not precisely 
known. V&V are independent procedures used together to check that a product, 
VHUYLFH��RU�V\VWHP�PHHWV�UHTXLUHPHQWV�DQG�VSHFLȴFDWLRQV�DQG�WKDW�LW�IXOȴOOV�LWV�
LQWHQGHG�SXUSRVH��ΖQ�WKH�FRQWH[W�RI�+3&�ZRUNȵRZV��WKHVH�PHWKRGV�RIWHQ�VKDUH�D�
common pattern: They must run a large ensemble of physics and other simulations 
on a supercomputer.

The traditional approach is to write a simple script that iterates through the many 
necessary job scripts and submits each as a job to the system workload manager. 
However, this approach has several drawbacks. First, system workload managers 
often impose limits on the number of concurrently running jobs that a single user 
can have, so throughput will be low and the user will have to wait a long time for 
their jobs to complete. Second, users with a large number of jobs will quickly be 
inconvenienced by submitting and monitoring all of the jobs, resubmitting them if 
they fail, and then running the post-processing script once they have all completed.

'RPDLQ�VSHFLȴF�ZRUNȵRZ�PDQDJHPHQW�VRIWZDUH�WRROV�VXFK�DV�//1/ȇV�84�3LSHOLQH�
�843��>��@�R΍HU�DQ�DOWHUQDWLYH�DSSURDFK��843ȇV�PDLQ�DGYDQWDJH�LV�SURYLVLRQLQJ�D�
resource allocation consisting of N nodes much more quickly than provisioning N 
resource allocations, each with one node, from the system workload manager. UQP 
then subdivides the remaining allocated nodes into N uniform “slots.” Each slot 
H[HFXWHV�RQH�RI�1�HQVHPEOH�VLPXODWLRQV��8QIRUWXQDWHO\��GRPDLQ�VSHFLȴF�WRROV�VXFK�
as UQP require that the information contained in the batch-job submission script 
(written for the system workload manager) be re-implemented into the particular 
ZRUNȵRZ�PDQDJHPHQW�WRRO�DQG�VXEVHTXHQWO\�VXEPLWWHG�WR�WKH�ad hoc scheduler 
within these tools. As a consequence, users must learn and port their code to each 
GL΍HUHQW�WRRO�ZKRVH�SHUIRUPDQFH�DQG�UREXVWQHVV�YDU\�ZLGHO\��7KHVH�UHGXQGDQW�
implementations within each of these tools are becoming prohibitively expensive to 
develop and support.

Flux recently allowed UQP, one of the most important tools for UQ and V&V 
ZRUNȵRZV�DW�//1/��WR�RYHUFRPH�LWV�GLVDGYDQWDJHV��7KH�WHDPȇV�GHVLJQ�H[WHQGHG�)OX[ȇV�
fully hierarchical resource management and graph-based scheduling capability to 
provide the requisite job throughput performance without relying on their ad hoc 
VROXWLRQ��%DVHG�RQ�WKLV�XQLȴHG�DSSURDFK��WKH\�FUHDWHG�D�GRPDLQ�VSHFLȴF�ZRUNȵRZ�
tool component called Themis as a thin wrapper around Flux. With Flux, Themis was 
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demonstrated to complete a 1-million-member ensemble simulation, which was not 
possible before.

$GGLWLYH�0DQXIDFWXULQJ��$0� 
AM is revolutionizing the manufacturing industry, allowing construction of complex 
machine and material parts not readily fabricated by traditional techniques. Although 
WKH�LQGXVWU\�KDV�KDG�VLJQLȴFDQW�LQWHUHVW�DQG�LQYHVWPHQW�LQ�$0��WKH�IUDFWLRQ�RI�WKLV�
investment devoted to computer modeling and simulation is relatively small and 
focused on reduced-order models for industry use instead of the development of 
KLJK�ȴGHOLW\�SUHGLFWLYH�PRGHOV��$V�SDUW�RI�WKH�'2(ȇV�([DVFDOH�&RPSXWLQJ�3URMHFW��WKH�
Exascale Additive Manufacturing Project (ExaAM) [26] represents a unique opportunity 
to use exascale computer simulations to enable the design of AM components with 
ORFDWLRQ�VSHFLȴF�SURSHUWLHV�DQG�DFFHOHUDWLRQ�RI�SHUIRUPDQFH�FHUWLȴFDWLRQ��([D$0�DLPV�
WR�LQFRUSRUDWH�PLFURVWUXFWXUH�HYROXWLRQ�DQG�WKH�H΍HFWV�RI�PLFURVWUXFWXUH�ZLWKLQ�$0�
SURFHVV�VLPXODWLRQV�GLUHFWO\�LQWR�DQ�HQG�WR�HQG�+3&�ZRUNȵRZ�

The ExaAM team expressed interest in Flux and met with us in September 2020 
WR�FR�GHVLJQ�WKH�SURMHFWȇV�RYHUDOO�ZRUNȵRZ�XVLQJ�)OX[��)OX[ȇV�KLHUDUFKLFDO�UHVRXUFH�
PDQDJHPHQW�FDSDELOLWLHV�ZHUH�WHVWHG�RQ�D�SRUWLRQ�RI�WKH�ZRUNȵRZ�FDOOHG�([D&RQVWLW�
WR�HYDOXDWH�SRWHQWLDO�EHQHȴWV��%\�1RYHPEHU��WKH�([D$0�WHDP�ZDV�DEOH�WR�LQWHJUDWH�
Flux into ExaConstit and reported a 4x job throughput performance improvement with 
simple scripting changes—namely, submitting multiple batch-job scripts into a Flux 
LQVWDQFH�RQ�D�ODUJH�DOORFDWLRQ�LQVWHDG�RI�XVLQJ�WKH�V\VWHPȇV�QDWLYH�ZRUNORDG�PDQDJHU��
([D$0�WHDP�PHPEHU�5REHUW�&DUVRQ�QRWHG��Ȋ7KH�ZRUNȵRZ�FKDQJH�>WR�LQWHJUDWH�)OX[@�
is surprisingly small. In my Python script that generates all of these things, I only had 
WR�DGG�DERXW�ȴYH�DGGLWLRQDO�OLQHV�IRU�WKH�)OX[�SDWK�ȋ

 
Large AI on HPC 
)OX[�KDV�HQDEOHG�H[WUHPHO\�ODUJH�$Ζ�ZRUNȵRZV�IRU�//1/ȇV�0DFKLQH�/HDUQLQJ�
6WUDWHJLF�ΖQLWLDWLYH��0/6Ζ��SURMHFW��$V�SDUW�RI�//1/ȇV�/DERUDWRU\�'LUHFWHG�5HVHDUFK�
and Development Strategic Initiative portfolio, MLSI aims to combine simulations 
with experiments using ML to optimize the design of key devices used in National 
ΖJQLWLRQ�)DFLOLW\��6LPLODU�WR�0X00Ζ�DQG�84�ZRUNȵRZV��WKH�0/6Ζ�0/�ZRUNȵRZ�UHTXLUHV�
extremely high job throughput, co-scheduling capabilities, and dynamism. To 
RYHUFRPH�WKHVH�ZRUNȵRZ�FKDOOHQJHV��D�QHZ�ZRUNȵRZ�WRRO�FDOOHG�0HUOLQ�>��@�ZDV�
developed under MLSI.

0HUOLQ�SURYLGHV�DQ�DGDSWDEOH��HɝFLHQW�3\WKRQ�EDVHG�ZRUNȵRZ�WKDW�UXQV�DQ�
ensemble of simulations and records the results while concurrently running ML on 
the results as they become available. The ML model then helps steer the ensemble 
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RI�VLPXODWLRQV�DV�LW�LPSURYHV��RU�OHDUQV��ZLWK�PRUH�GDWD��7KH�ZRUNȵRZ�H[HFXWHV�D�
YDULHW\�RI�WDVNV�WR�JHQHUDWH�DQG�DQDO\]H�WKH�GDWD��7KH�ȴUVW�RI�WKHVH�LV�GHȴQLQJ�WKH�
ensemble of simulations. This ensemble consists of a set of samples spanning the 
spatial domain needed for creating a unique set of data describing the domain. An 
executable task will accept the sample set as input parameters and produce data for 
WKH�0/�PRGHO��7KH�VLPXODWLRQ�FDQ�UDQJH�IURP�D�VLPSOH�RUGLQDU\�GL΍HUHQWLDO�HTXDWLRQ�
to a massively parallel hydrodynamics simulation. These simulations may also be run 
RQ�PDQ\�GL΍HUHQW�SODWIRUPV�ZLWK�GL΍HUHQW�ZRUNORDG�PDQDJHUV��ZKHUH�VFKHGXOLQJ�
DQG�ODXQFKLQJ�WKH�VLPXODWLRQV�LQ�D�JHQHUDO�PDQQHU�EHFRPHV�GLɝFXOW�

7KH�ȴUVW�YHUVLRQ�RI�WKH�0HUOLQ�03Ζ�SDUDOOHO�MRE�ODXQFKHU�XVHG�D�VLPSOH�3\WKRQ�
based subprocess call to map a set of MPI parameters (e.g., number of nodes and 
CPU cores) onto the commands needed for launching under the system workload 
manager such as SLURM or IBM LSF. A maintenance issue arose when each new 
workload manager required a set of runtime parameters that do not map 1:1 
between the various launch systems. Moreover, IBM LSF does not handle nested 
launches where there is one subprocess call for the allocation and a subsequent 
call for the simulation. Some parallel runs need CPU/GPU support, while others 
require only CPU cores. This requirement puts the onus on the workload manager to 
schedule resources for the various types of parallel jobs.

In Merlin, Flux solves both the nesting issue and co-scheduling issue through the 
use of a single Flux instance. Jobs can be concurrently scheduled because the single 
Flux instance tracks all available resources with a GPU/CPU-level scheduling policy. 
Nesting is not an issue with this single instance. The initial Flux-Merlin integration 
was designed and implemented on an LLNL Linux cluster. Porting it to other 
platforms, such as Sierra and Lassen supercomputers, was straightforward. Overall, 
the integration team was able to generate massive amounts of simulation data from 
100 million short-running jobs, thanks to Flux.

Broad Applicability and Adoption

Because the workload manager is among the most critical software elements for 
large supercomputers, computing centers must often undertake a multi-year, 
SKDVHG�H΍RUW�WR�DGRSW�D�QHZ system-level, multi-user workload manager to replace 
their existing solutions on large HPC systems. Flux can be run in both multi-user and 
VLQJOH�XVHU�PRGHV�WR�IDFLOLWDWH�D�VPRRWKHU��LQFUHPHQWDO�DGRSWLRQ��6SHFLȴFDOO\��)OX[ȇV�
user-level capability called single-user mode interoperates easily with other traditional 
VROXWLRQV�DQG�WKLV�KDV�SURYHQ�WR�EH�HVVHQWLDO�IRU�HQDEOLQJ�WLPH�FULWLFDO�ZRUNȵRZ�
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SUREOHPV�RQ�WKH�ZRUOGȇV�ODUJHVW�DQG�PRVW�SRZHUIXO�VXSHUFRPSXWHUV�HYHQ�EHIRUH�
multi-user mode is deployed.

)LJXUHV��D�DQG��E�SURYLGH�VLPSOH�H[DPSOHV��:H�ȴUVW�QRWH�WKDW�WKH�ȴUVW�OLQHV�RI�
these scripts are nearly identical to that of traditional solutions. Exploiting this 
SURSHUW\��)OX[�FDQ�HDVLO\�EH�DGDSWHG�DQG�XVHG�ZLWK�D�FRPSXWLQJ�FHQWHUȇV�H[LVWLQJ�
system workload managers with just a few keystrokes. For example, Figure 7 shows 
KRZ�)OX[�FDQ�HQDEOH�WKH�FRPSOH[�ZRUNȵRZ�LQ�)LJXUH��E�XQGHU�6/850��D�WUDGLWLRQDO�
HPC workload manager, with just a two-line change in commands. This feature 
KDV�SURYHQ�WR�EH�FULWLFDO�LQ�KHOSLQJ�FRPEDW�WLPH�FULWLFDO�ZRUNȵRZ�SUREOHPV�VXFK�
as in COVID-19 research. Thanks to this easy-to-adapt feature, Flux has enabled 
HPC users, research and industry collaborators, and computing centers to be able 
WR�UHVSRQG�WR�WKH�QHHGV�RI�HPHUJLQJ�ZRUNȵRZV�ZLWKRXW�KDYLQJ�WR�DGRSW�WKH�IXOO�
system-instance technology of Flux.

)OX[ȇV�DGDSWDELOLW\�WR�GL΍HUHQW�XVH�FDVHV��DORQJ�ZLWK�EHLQJ�RSHQ�VRXUFH��KDV�
spurred wide adoption outside of LLNL. Flux has users worldwide including our 
collaborators in both U.S. and European academic institutions; U.S. national labs; 
U.S. military and federal agencies; and prominent domestic and international 
VFLHQWLȴF�FRPSXWLQJ�DQG�+3&�FHQWHUV�OLNH�1(56&�LQ�&DOLIRUQLD�DQG�5Ζ.(1�LQ�-DSDQ��
home of the top-ranked Fugaku supercomputer. Figure 8 shows the geological 
distribution of these institutions.

)LJXUH����(QDEOLQJ�)OX[�XQGHU�DQRWKHU�ZRUNORDG�PDQDJHU�OLNH�6/850�LV�DV�VLPSOH�DV�H[HFXWLQJ�WKLV�
WZR�OLQH�FRPPDQG�
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B. How does the product operate? 

Fully Hierarchical Resource Management Techniques

)OX[ȇV�LQQRYDWLYH�IXOO\�KLHUDUFKLFDO�UHVRXUFH�PDQDJHPHQW�FDSDELOLWLHV�GUDVWLFDOO\�
improve scalability and ȵH[LELOLW\ through a divide-and-conquer approach (Figure 9). 
Jobs and resources are divided among the schedulers in the hierarchy and managed 
in parallel. Figure 10 shows how this approach drastically increases the scalability of 
Flux over traditional schedulers that rely on a single, centralized process.

7KUHH�GLVWLQFW�SULQFLSOHV�XQGHUSLQ�)OX[ȇV�KLHUDUFKLFDO�GHVLJQ�

• Hierarchical Bounding Principle: A parent Flux instance grants job and 
resource allocations to its children.

• ΖQVWDQFH�(΍HFWLYHQHVV�3ULQFLSOH��(DFK�)OX[�LQVWDQFH�FDQ�EH�FRQȴJXUHG�
LQGHSHQGHQWO\�DQG�LV�VROHO\�UHVSRQVLEOH�IRU�WKH�PRVW�H΍HFWLYH�XVH�RI�LWV�+3&�
resource set.

)LJXUH����8VHUV�DQG�FROODERUDWRUV�RI�)OX[�DUH�TXLFNO\�H[SDQGLQJ�DURXQG�WKH�ZRUOG�
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• Arbitrary Recursion Principle: 7KH�ȴUVW�WZR�SULQFLSOHV�DSSO\�UHFXUVLYHO\�IURP�
the top of the resource hierarchy (e.g., the entire HPC center) down to any 
arbitrarily small subset of resources.

Hierarchical bounding improves scalability in two ways. First, it reduces the number of 
resources that each Flux instance must consider, which improves the performance of 
each individual instance. Second, it enables Flux instances to delegate work to child 
instances, spreading the load across many independent instances and ultimately 
improving their collective performance.

ΖQVWDQFH�H΍HFWLYHQHVV�HQDEOHV�WKH�FXVWRPL]DWLRQ�RI�)OX[�LQVWDQFHV�IRU�VSHFLȴF�
ZRUNȵRZV��7KH�WRS�OHYHO�)OX[�LQVWDQFH�PD\�EH�D�V\VWHP�ZLGH��PXOWL�XVHU�ZRUNORDG�
manager instance with expensive scheduling policies, but it can create a child single-
XVHU�LQVWDQFH�IRU�HDFK�QHZ�ZRUNȵRZ�ZKLFK�HQDEOHV�WKH�ZRUNȵRZV�WR�FXVWRPL]H�WKH�
scheduling and other policies to their exact needs. This customization includes not 

)LJXUH����$V�D�IXOO\�KLHUDUFKLFDO�ZRUNORDG�PDQDJHU��DQ\�)OX[�LQVWDQFH�FDQ�VSDZQ�FKLOG�LQVWDQFHV�WR�DLG�
LQ�VFKHGXOLQJ��ODXQFKLQJ��DQG�PDQDJLQJ�FRPSOH[�VHTXHQFHV�RI�FRPSXWH�MREV��$�WRS�OHYHO�)OX[�LQVWDQFH�
�SDUHQW��LV�FUHDWHG�ZLWKLQ�D���QRGH�UHVRXUFH�DOORFDWLRQ��WKH�WRS�OHYHO�LQVWDQFH�WKHQ�VSDZQV�DGGLWLRQDO�
OHYHOV�RI�)OX[�LQVWDQFHV��FKLOGUHQ���HDFK�RI�ZKLFK�PDQDJHV�D�VPDOOHU�VXEVHW�RI�MREV�DQG�UHVRXUFHV��7KH�
KLHUDUFK\�RI�)OX[�LQVWDQFHV�H[WHQGV�GRZQ�XQWLO�WKH�ORZHVW�OHYHO�LQVWDQFHV�HDFK�PDQDJH�D�VLQJOH�FRUHȃD�
PD[LPDO�H[DPSOH�RI�IXOO\�KLHUDUFKLFDO�FDSDELOLWLHV�
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RQO\�WKH�VFKHGXOLQJ�SROLFLHV�DQG�FRQȴJXUDWLRQ�VFKHGXOLQJ�SDUDPHWHUV��EXW�DOVR�WKH�
number of children that the Flux instance creates. 

Arbitrary recursion�DPSOLȴHV�WKH�VFDODELOLW\�DQG�ȵH[LELOLW\�SURYLGHG�E\�WKH�SUHYLRXV�
two principles. It allows for the creation of the appropriate number of Flux 
LQVWDQFHV�IRU�HDFK�ZRUNȵRZ��6SHFLȴFDOO\��WKLV�SULQFLSOH�HQDEOHV�ODUJH�HQVHPEOH�
ZRUNȵRZV�WR�FUHDWH�PRUH�)OX[�LQVWDQFHV�DQG�WKXV�LPSURYH�MRE�WKURXJKSXW�ZLWK�
minimum performance overhead needed for parallelization. Flux instances within 
a hierarchy can even be dynamically created and removed depending on how 
workloads change over time.

Scalable Graph-Based Scheduling Techniques

2QFH�LQVWDQWLDWHG��)OX[�H΍HFWLYHO\�FDUULHV�RXW�PDQ\�FRPSOLFDWHG�RSHUDWLRQV��
ranging from monitoring the health of resources, to enqueuing submitted tasks, 
to scheduling and executing these tasks. Flux uses a graph-based approach to 
VFKHGXOLQJ�DV�GHVFULEHG�RQ�SS���Ȃ����)OX[ȇV�VFKHGXOHU�FRPSRQHQW��FDOOHG�)OX[LRQ��LV�
UHSUHVHQWHG�LQ�)LJXUH�����'XULQJ�)OX[�LQVWDQFH�LQLWLDOL]DWLRQ��)OX[LRQ�ȴUVW�SRSXODWHV�
an in-memory resource graph store (A) comprising vertices that represent the HPC 
V\VWHPȇV�YDULRXV�FRPSXWH�UHVRXUFHV�DQG�HGJHV�WKDW�UHSUHVHQW�WKH�UHODWLRQVKLSV�
among those resources. The initialization process also includes the selection of the 
JUDSK�UHVRXUFHȇV�UHSUHVHQWDWLRQ�JUDQXODULW\�DQG�WUDYHUVDO�W\SH�LI�XVHUV�GHFLGHG�WR�
XVH�QRQ�GHIDXOW��2QFH�LQLWLDOL]DWLRQ�LV�FRPSOHWH��)OX[LRQ�LV�UHDG\�WR�UHFHLYH�WKH�MREVȇ�
UHVRXUFH�UHTXHVWV�IURP�)OX[ȇV�FRUH�IUDPHZRUN�

)LJXUH�����)RU�PXOWLSOH�UXQV�RQ�EHWZHHQ���DQG�
������FRUHV�RI�//1/ȇV�4XDUW]�VXSHUFRPSXWHU��
WKUHH�GL΍HUHQW�FRQȴJXUDWLRQV�RI�VFKHGXOHUV�DUH�
EHQFKPDUNHG�RQ�D�������MRE�ZRUNORDG��)LUVW��D�
WUDGLWLRQDO�ZRUNORDG�PDQDJHU��UHG��VFKHGXOHV�WKH�
ZRUNORDG�DW�WKH�VDPH�UDWH�UHJDUGOHVV�RI�WKH�QXPEHU�
RI�FRUHV��6HFRQG��WZR�OHYHOV�RI�)OX[�LQVWDQFHV��EOXH���
ZLWK�WKH�VHFRQG�OHYHO�LQVWDQFHV�HDFK�PDQDJLQJ����
FRUHV��VFKHGXOHV�WKH�ZRUNORDG���[�IDVWHU�WKDQ�WKH�
WUDGLWLRQDO�ZRUNORDG�PDQDJHU��UHG��DQG�VFDOHV�ZHOO�
ZLWK�WKH�QXPEHU�RI�FRUHV��)LQDOO\��WKUHH�OHYHOV�RI�
)OX[�LQVWDQFHV��JUHHQ���ZLWK�HDFK�WKLUG�OHYHO�LQVWDQFH�
PDQDJLQJ�D�VLQJOH�FRUH��PD[LPL]HV�WKURXJKSXW�DW�
��[�IDVWHU�WKDQ�WUDGLWLRQDO�WHFKQLTXHV��UHG��DQG�
VFDOHV�H[FHOOHQWO\�ZLWK�WKH�QXPEHU�RI�FRUHV�
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)OX[�ȴUVW�FRQVWUXFWV�D�MREȇV�UHVRXUFH�UHTXHVW�LQ�WKH�IRUP�RI�DQ�DEVWUDFW�UHVRXUFH�
UHTXHVW�JUDSK��%���7KH�DEVWUDFW�UHTXHVW�JUDSK�JHQHUDOO\�VSHFLȴHV�WKH�MREȇV�UHVRXUFH�
requirements in terms of both node-local resources (e.g., amount of compute cores 
and memory to be used) and higher level or even global resources (e.g., compute 
UDFNV��QHWZRUN�VZLWFKHV��SRZHU��SDUDOOHO�ȴOHV\VWHP�EDQGZLGWK���7KH�DEVWUDFW�UHTXHVW�
JUDSK�WKHQ�EHFRPHV�WKH�LQSXW�IRU�WKH�VHOHFWHG�JUDSK�WUDYHUVHU��$��WR�ȴQG�LWV�EHVW�
matching resource vertices and edges. The traverser “walks” the concrete resource 
JUDSK�VWRUH�LQ�WKLV�SUH�GHȴQHG�ZDONLQJ�RUGHU�DQG�PDWFKHV�WKH�DEVWUDFW�UHTXHVW�
graph to the concrete resource graph.

As shown at (C), the best-matching criteria is determined by the match policy within 
)OX[ȇV�WUDYHUVHU��7KH�SROLF\�LV�LQYRNHG�HYHU\�WLPH�WKH�WUDYHUVHU�YLVLWV�D�YHUWH[��7KH�
policy then evaluates how well a given resource vertex matches with the abstract 
UHTXHVW�JUDSK�DQG�VFRUHV�LW�DFFRUGLQJO\��)OX[ȇV�UHVRXUFH�PRGHO�PXVW�DOVR�HɝFLHQWO\�
keep track of the status changes of resources over time in order to support various 
TXHXLQJ�DQG�EDFNȴOOLQJ�SROLFLHV�FRPPRQ�WR�+3&�MRE�VFKHGXOLQJ��H�J���($6<�>��@�DQG�
FRQVHUYDWLYH�>��@�EDFNȴOOLQJ�SROLFLHV���7KXV��WKH�PRGHO�GLUHFWO\�LQWHJUDWHV�D�KLJKO\�
HɝFLHQW�UHVRXUFH�WLPH�VWDWH�WUDFNLQJ�DQG�VHDUFK�PHFKDQLVP�LQWR�HYHU\�UHVRXUFH�
vertex. This mechanism (and a simple abstraction) is called Planner (E) [18].

After judicious selection of the appropriate representation granularity for the 
concrete resource graph—striking a balance between performance and scheduling 

Fluxion scheduling process within Flux

Queueing
policy

Match
policy (C)

Planner & 
pruning 
ƓOWHU��(�

Match (B)
abstract resource 
UHTXHVW�JUDSK

Emit (F)

Traversal type (A)
LQ�PHPRU\��FRQFUHWH��JUDSK�VWRUH

vertices HGJHV

6FKHGXOHU�GULYHQ�ƓOWHU�
update algorithm (D)

)LJXUH�����)OX[LRQ��)OX[ȇV�VFKHGXOHU�FRPSRQHQW��DXWRPDWLFDOO\�SHUIRUPV�PXOWLSOH�VWHSV�ZKHQ�D�)OX[�
LQVWDQFH�LV�LQLWLDOL]HG��6HH�WH[W�IRU�D�GHVFULSWLRQ�RI�HDFK�OHWWHUHG�SURFHVV�
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H΍HFWLYHQHVVȃWKH�UHVXOWLQJ�JUDSK�FDQ�VWLOO�EH�TXLWH�ODUJH�ZKHQ�PRGHOLQJ�KLJK�
end systems. Thus, the Fluxion scheduler includes other scalability strategies in its 
PRGHO��VXFK�DV�SUXQLQJ�ȴOWHUV��(���)RU�H[DPSOH��SUXQLQJ�ȴOWHUV�FDQ�EH�LQVWDOOHG�DW�
high-level resource vertices (e.g., compute racks) to track the amount of available 
lower-level resources (e.g., compute cores) in aggregate, which reside somewhere 
in the subgraph rooted at that vertex. Fluxion also introduces a novel scheduler-
GULYHQ�ȴOWHU�XSGDWH�DOJRULWKP��'��WKDW�XSGDWHV�DQG�PDLQWDLQV�WKHVH�ȴOWHUV�
ZLWKRXW�LQFXUULQJ�KLJK�SHUIRUPDQFH�RYHUKHDG��7KLV�ȴOWHU�VLJQLȴFDQWO\�LPSURYHV�
performance by pruning the required graph search. Finally, once Fluxion determines 
the best matching resource subgraph, this is emitted as a selected resource set 
UHSUHVHQWDWLRQ�DW��)���)OX[ȇV�FRUH�IUDPHZRUN�FDQ�WKHQ�PDNH�XVH�RI�WKLV�UHVRXUFH�
set to contain, bind and execute the target program(s) within those resources. As 
discussed on pp. 8–11, our graph-based techniques stray away from the traditional 
workload managers, helping usher in the era of extreme resource heterogeneity [10] 
for HPC. The existing solutions use rather simple, compute-node centric data model 
and scheduling schemes.

User Interfaces

Existing workload manager products typically provide only a command-line interface 
(CLI) as their primary user interface. Some of the more popular workload managers are 
EROVWHUHG�E\�FRPPXQLW\�H΍RUWV�WR�VXSSRUW�DSSOLFDWLRQ�SURJUDPPLQJ�LQWHUIDFHV��$3ΖV��VR�
WKDW�RWKHU�VRIWZDUH�FDQ�PRUH�HɝFLHQWO\�LQWHURSHUDWH�ZLWK�WKHP��EXW�WKHVH�FRPPXQLW\�
H΍RUWV�DUH�ad hoc, poorly supported, and thus usually short-lived. On the other hand, 
)OX[�SURYLGHV�ERWK�D�&/Ζ�DV�ZHOO�DV�ȴUVW�FODVV�$3Ζ�VXSSRUW�IRU�WKH�FRPPRQ�SURJUDPPLQJ�
languages C, C++, Python, and Lua. Work-in-progress support for the programming 
languages Rust and Julia has also been added. These APIs enable developers from many 
SURJUDPPLQJ�EDFNJURXQGV�WR�LQWHURSHUDWH�HDVLO\�DQG�HɝFLHQWO\�ZLWK�)OX[��)XUWKHUPRUH��
because these interfaces are provided as a core part of Flux, users can rely on their 
continued support.

)OX[ȇV�3\WKRQ�VXSSRUW�LV�SDUWLFXODUO\�LPSRUWDQW�GXH�WR�WKH�SUROLIHUDWLRQ�RI�3\WKRQ�EDVHG�
ZRUNȵRZ�PDQDJHPHQW�V\VWHPV��0DQ\�RI�WKHP�OHYHUDJH�)OX[ȇV�3\WKRQ�$3Ζ�WR�GLUHFWO\�
integrate with Flux, including Maestro [20], Themis [25] and GMD [22] as described on p. 16, 
5DGLFDO�3LORW�>��@��DQG�3DUVO�>��@��$V�D�ZRUNȵRZ�PDQDJHPHQW�V\VWHP��LQWHJUDWLQJ�YLD�DQ�$3Ζ�
DV�RSSRVHG�WR�D�&/Ζ�LV�ERWK�VLJQLȴFDQWO\�HDVLHUȃDFFHVVLQJ�WKH�IXQFWLRQDOLW\�LV�D�GLUHFW�FDOO�
to Flux as opposed to an indirect call—and more performant—there is no need to create a 
new program for the CLI command or to perform any string parsing of the CLI output.
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Single-User Mode

A unique and novel feature of Flux is that it allows for both single-user and multi-
user modes. Most HPC users are familiar with the multi-user mode when interacting 
with the workload manager. Similar to a traditional solution, in this mode, decisions 
are made at the system-level, and requests from multiple users are honored through 
individual allocations based on priorities, accounts, and well-known scheduling 
SROLFLHV�VXFK�DV�($6<�>��@�DQG�FRQVHUYDWLYH�>��@�EDFNȴOOLQJ�DQG�IDLU�VKDULQJ��
Authentication between users as well as exclusive access to resources are important 
criteria in this mode. Here, the goal is to ensure that the resources from the entire 
cluster are shared among users in a fair and equitable manner, that user requests 
for allocations are met without starving any job, and while optimizing for high 
node utilization and low fragmentation. Conventional workload managers do not 
provide users with the comprehensive ability to manage resources within their own 
allocation. Traditionally, users are assumed to rely on the policies set by the system 
administrators within their allocation. The consequences of this limitation include 
the emergence of ad hoc scripting; “glue” code (i.e., written solely for the purpose 
RI�ȴOOLQJ�D�JDS�RU�RYHUFRPLQJ�D�OLPLWDWLRQ���DQG�YDULRXV�ZRUNȵRZ�PDQDJHUV�WKDW�
DWWHPSW�WR�VWUHDPOLQH�WKH�FRPSOH[LW\�RI�VFLHQWLȴF�DSSOLFDWLRQV�WKDW�QHHG�FRXSOLQJ��
coordination, and dependency management, as discussed on pp. 5–8.

Flux provides a single-user mode��ZKHUH�XVHUV�KDYH�WKH�ȵH[LELOLW\�WR�PDQDJH�
resources and tasks within their allocation. This allows users to set up their own 
customized hierarchies as well as policies based on the graph-based resource 
model. This also allows users to tune additional scheduling options such as queue 
GHSWKV�DQG�WKURWWOLQJ�RI�MREV��)RU�H[DPSOH��DQ�HQVHPEOH�EDVHG�ZRUNȵRZ�WKDW�
encompasses thousands of short-duration, single-core jobs can spin up a network 
RI�QHVWHG�)OX[�LQVWDQFHV�HDFK�ZLWK�DQ�)&)6�SROLF\��LQVWHDG�RI�UHO\LQJ�RQ�WKH�V\VWHPȇV�
GHIDXOW�SROLF\�RI�)&)6�SOXV�EDFNȴOOLQJ��ZKLFK�PD\�QRW�EH�QHFHVVDU\�IRU�WKH�XVHUȇV�
ZRUNȵRZ��6XFK�D�QHWZRUN�RI�FKLOG�)OX[�LQVWDQFHV�LV�DOVR�PRUH�VFDODEOH�DQG�IDXOW�
tolerant, as it can easily absorb the stream of thousands of incoming jobs without 
becoming overwhelmed.

6LPLODUO\��IRU�FRPSOH[�ZRUNȵRZV�ZLWK�PDQ\�GHSHQGHQFLHV�DQG�VWHSV��XVHUV�FDQ�VHW�
up a customized, coordinated network of Flux instances to facilitate communication 
EHWZHHQ�YDULRXV�WDVNV�LQ�WKH�ZRUNȵRZ�LQ�D�VFDODEOH�PDQQHU��8VHUV�FRXOG�FKRRVH�
to divide their node in a manner where some tasks run on the heterogeneous 
components such as GPUs while other tasks of the application can utilize the CPUs, 
thus leveraging co-scheduling techniques. 
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)OX[ȇV�VLQJOH�XVHU�PRGH�HQDEOHV�VXFK�FXVWRPL]DWLRQ�ZLWK�HDVH�DQG�VXSSRUWV�GLYHUVH�
ZRUNȵRZV�DQG�UHVRXUFHV��ZKLFK�LV�QRW�SRVVLEOH�WR�DFFRPSOLVK�ZLWK�WUDGLWLRQDO�
solutions. The single-user mode is a distinguishing feature of Flux that gives 
HQRUPRXV�ȵH[LELOLW\�WR�WKH�XVHUV��DOORZLQJ�WKHP�WR�GHULYH�PD[LPDO�SHUIRUPDQFH�DQG�
XWLOL]DWLRQ�ZLWKLQ�WKHLU�DOORFDWLRQ�IRU�WKHLU�VSHFLȴF�XVH�FDVH�

Multi-User Mode

Like traditional workload managers, Flux also provides a multi-user mode. In this 
mode, Flux runs as a privileged account, accepts jobs from multiple users, sorts and 
VFKHGXOHV�WKH�MREV�EDVHG�RQ�XVHUȇV�SULRULWLHV��DQG�ȴQDOO\�H[HFXWHV�HDFK�MRE�DV�WKH�
submitting user. Similar to other products, Flux includes an accounting component 
WR�NHHS�WUDFN�RI�XVHUVȇ�UHVRXUFH�XVDJH�UHODWLYH�WR�WKHLU�SULRULW\�DQG�MRE�SURORJXH�DQG�
epilogue scripts that enable admins to customize Flux to their sites.

Unlike traditional solutions, Flux has three key architectural designs that make its 
PXOWL�XVHU�PRGH�YHU\�VHFXUH��7KH�ȴUVW�LV�ZKLFK�SDUWV�RI�)OX[�UXQ�DV�URRWȃWKH�KLJKHVW�
level of privilege on a computer. Typical workload managers run their entire software 
as root, meaning that any security vulnerability in the solution can be used to easily 
gain total control of the system. Flux breaks this mold with its Independent Minister 
of Privileges (IMP), which is the only component of Flux that runs as root. Every 
RWKHU�)OX[�FRPSRQHQW�UXQV�DV�D�GHGLFDWHG�V\VWHP�DFFRXQW�ZLWK�VLJQLȴFDQWO\�IHZHU�
privileges than root. The IMP represents less than 2% of the total lines of code in the 
)OX[�SURMHFW��PDNLQJ�D�VHFXULW\�DXGLW�RI�)OX[ȇV�URRW�SULYLOHJHG�FRGH�PXFK�HDVLHU�DQG�
H[SORLWLQJ�ȵDZV�LQ�)OX[�PXFK�KDUGHU�

7KH�VHFRQG�NH\�DUFKLWHFWXUDO�GL΍HUHQFH�EHWZHHQ�)OX[�DQG�RWKHU�SURGXFWV�LV�WKDW�
every communication with and within Flux is encrypted. Encrypted communication 
EHWZHHQ�XVHUV�DQG�WKH�ZRUNORDG�PDQDJHU�LV�SDUWLFXODUO\�LPSRUWDQW�LQ�FODVVLȴHG�
computing, where national security information cannot be exposed to users 
without need-to-know, and medical computing, where U.S. HIPAA laws require 
that medical information not be exposed to other users. Flux is also designed to 
WDNH�H[WUD�SUHFDXWLRQV�ZLWK�WKH�XVHUȇV�VXEPLWWHG�MRE�VSHFLȴFDWLRQV��ZKLFK�DUH�WKH�
PDLQ�LQSXW�WR�)OX[ȇV�Ζ03��(DFK�MRE�VSHFLȴFDWLRQ�LV�FU\SWRJUDSKLFDOO\�VLJQHG��DQG�
EHIRUH�H[HFXWLQJ�WKH�MRE��)OX[ȇV�Ζ03�YHULȴHV�WKH�VLJQDWXUH�WR�HQVXUH�D�IRUJHG�MRE�
submissions has not occurred. This additional level of validation cryptographically 
HQVXUHV�WKDW�XVHUV�FDQQRW�LPSHUVRQDWH�RWKHU�XVHUV��SUHYHQWLQJ�OHDNV�RI�FODVVLȴHG�
or sensitive information.

7KH�WKLUG�NH\�DUFKLWHFWXUDO�GL΍HUHQFH�LV�)OX[ȇV�PRGXODU�GHVLJQ��ZKLFK�HQDEOHV�WKH�
H[WHQVLYH�XVH�RI�SOXJLQV��1R�H[LVWLQJ�DSSURDFK�FDQ�SURYLGH�D�RQH�VL]H�ȴWV�DOO�VROXWLRQ��
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HDFK�VLWH�ZLOO�ZDQW�WR�FXVWRPL]H�WKH�ZRUNORDG�PDQDJHU�WR�PHHW�WKHLU�VSHFLȴF�QHHGV��
adapt to their unique environments, and enforce their local policies. Flux provides 
multiple points for site administrators to integrate with Flux via plugins. These 
plugins include a job ingest plugin for rejecting jobs that do not adhere to local 
SROLFLHV��DQ�DFFRXQWLQJ�SOXJLQ�WR�FDOFXODWH�HDFK�XVHUȇV�IDLU�VKDUH�RI�WKH�V\VWHP�EDVHG�
RQ�VLWH�VSHFLȴF�SULRULWLHV��MRE�VKHOO�SOXJLQV�WKDW�UXQ�DV�WKH�XVHU�WR�DSSO\�VLWH�ORFDO�
customizations to the job environment before the job runs, and the aforementioned 
SURORJXH�DQG�HSLORJXH�VFULSWV�WKDW�UXQ�DV�URRW�EHIRUH�DQG�DIWHU�WKH�XVHUȇV�MRE��7KH�
FRPELQDWLRQ�RI�WKHVH�SOXJLQV�JLYHV�VLWH�DGPLQLVWUDWRUV�VLJQLȴFDQWO\�PRUH�FRQWURO�WR�
customize Flux versus other products.

C. Product comparison

As described earlier, Flux is capable of operating at either the system level in multi-
user mode or the user level in single-user mode. This capability is unique to Flux, as 
other technologies fall into one category or the other.

Multi-User Competitors

)OX[ȇV�PXOWL�XVHU�FRPSHWLWRUV�FDQ�EH�EURNHQ�GRZQ�LQWR�FHQWUDOL]HG��OLPLWHG�
hierarchical, and decentralized workload managers. Centralized ones use a single, 
global scheduler that maintains and tracks the full knowledge of jobs and resources 
WR�PDNH�VFKHGXOLQJ�GHFLVLRQV��7KLV�PRGHO�LV�VLPSOH�DQG�H΍HFWLYH�IRU�PRGHUDWH�VL]H�
clusters, making it the state of the practice in most cloud-based and HPC centers 
today. Cloud workload managers (or often called container orchestration solutions) 
such as Swarm [33] and Kubernetes [34] and HPC workload managers such as 
SLURM [13], MOAB [16], IBM LSF [14], and PBSPro (OpenPBS) [15] are centralized. 
The cloud products—Kubernetes in particular—can achieve high job throughput, 
EXW�WKH\�DUH�LQFDSDEOH�RI�HɝFLHQW�EDWFK�MRE�VFKHGXOLQJ�DQG�UHO\�RQ�RYHUO\�VLPSOLVWLF�
resource models, resulting in poor performance for HPC workloads. On the other 
hand, centralized HPC solutions are capped at tens of jobs per second [35], provide 
limited to no support for co-scheduling of heterogeneous tasks [36], have limited 
APIs, and also rely on simple resource models. Both types of centralized workload 
PDQDJHUV��E\�GHVLJQ��VX΍HU�IURP�DQ�LQDELOLW\�WR�QHVW�ZLWKLQ�RU�LQWHJUDWH�ZLWK�RWKHU�
V\VWHP�ZRUNORDG�PDQDJHUV��+RZHYHU��)OX[�LV�PRUH�ȵH[LEOH�WKDQ�FHQWUDOL]HG�VROXWLRQV�
EHFDXVH�LW�FDQ�VFDOH�WR�WKH�ODUJHVW�V\VWHPV�DQG�ZRUNORDGV��EH�DGDSWHG�WR�GL΍HUHQW�
W\SHV�RI�V\VWHP�KDUGZDUH�DQG�FRQȴJXUDWLRQV��KDV�PRUH�UREXVW�RSWLRQV��DQG�GRHV�
not impose job throughput quotas.
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Limited hierarchical workload managers have emerged predominantly in grid (i.e., 
QRQ�FOXVWHU��DQG�FORXG�FRPSXWLQJ��7KLV�PRGHOȇV�ȴ[HG�GHSWK�KLHUDUFK\�W\SLFDOO\�
FRQVLVWV�RI�WZR�VWDWLFDOO\�FRQȴJXUHG�OHYHOV�RI�LQGHSHQGHQW�ZRUNORDG�PDQDJHU�
frameworks stacked together, relying on custom-made interfaces to facilitate 
interoperability. Example implementations include the cloud computing solutions 
like Mesos [37] and YARN [38] as well as the grid solutions like Globus [39] and 
+7&RQGRU�>��@��(΍RUWV�WR�DFKLHYH�EHWWHU�VFDODELOLW\�LQ�+3&�KDYH�UHVXOWHG�LQ�WKLV�
PRGHOȇV�LPSOHPHQWDWLRQ�DW�VRPH�ODUJH�+3&�FHQWHUV��)RU�H[DPSOH��LQ�WKH�SDVW�//1/�
managed multiple clusters with a limited hierarchical workload manager that used 
the MOAB grid meta-scheduler on top of several SLURM workload managers, each 
of which managed a single cluster in the facility [41]. While this type of solution 
increases scalability over centralized scheduling, it is ultimately limited by its shallow 
�DQG�WKHUHIRUH�LQȵH[LEOH��KLHUDUFK\�DQG�WKH�FDSDELOLWLHV�RI�WKH�VFKHGXOLQJ�IUDPHZRUNV�
used at the lowest levels. Compared to these solutions, Flux is fully hierarchical and 
WKXV�KDV�QR�ȴ[HG�GHSWK�RU�DUWLȴFLDO�OLPLWV�RQ�LWV�ȵH[LELOLW\�RU�VFDODELOLW\�

Decentralized workload management is a model studied in the academic literature, 
but unlike centralized ones, it has not gained traction. To the best of our knowledge, 
GHFHQWUDOL]HG�VROXWLRQV�DUH�QRW�LQ�XVH�LQ�DQ\�+3&�FHQWHUȇV�SURGXFWLRQ�HQYLURQPHQW��
7KH�FORXG�FRPSXWLQJ�VRIWZDUH�OLNH�6SDUURZ�>��@�DQG�+3&ȇV�6/850���>��@�DUH�
examples of decentralized schedulers. In decentralized workload management, 
multiple workload manager instances each manage a disjointed subset of jobs 
and resources, yet they are fully connected and can communicate with each other. 
In this model, an instance communicates with other instances when performing 
work “stealing” (i.e., scheduling jobs initially allocated to another instance) and 
when allocating resources outside of its resource set (i.e., resources managed by 
another workload management instance). Despite providing higher job throughput, 
GHFHQWUDOL]HG�VROXWLRQV�VX΍HU�IURP�PDQ\�RI�WKH�VDPH�SUREOHPV�DV�FHQWUDOL]HG�RQHV��
First, they have little to no support for co-scheduling of heterogeneous tasks and 
limited APIs. Second, these products commonly make assumptions about the types 
of applications being run to improve performance.

For example, Sparrow assumes that a common computational framework, such as 
+DGRRS�RU�6SDUN��LV�XVHG�E\�PRVW�RI�WKH�MREV��OLPLWLQJ�6SDUURZȇV�DSSOLFDELOLW\�WR�+3&�
ZRUNORDGV�>��@��ΖQ�FRQWUDVW��)OX[ȇV�KLHUDUFKLFDO�FRPPXQLFDWLRQ�DPRQJ�LWV�LQVWDQFHV�
FDQ�VFDOH�WR�ODUJH�V\VWHPV��ZRUNORDGV�DQG�VFKHGXOHU�FRQȴJXUDWLRQV��DQG�LW�VXSSRUWV�D�
broad range of workloads—including both loud and HPC—better than decentralized 
workload manager technologies can.
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Single-User Competitors

)OX[ȇV�VLQJOH�XVHU�FRPSHWLWRUV�FDQ�EH�GLYLGHG�LQWR�XVHU�OHYHO�UXQWLPHV�DQG�ZRUNȵRZ�
PDQDJHUV��8VHU�OHYHO�UXQWLPHV�RɞRDG�D�PDMRULW\�RI�WDVN�LQJHVWLRQ��VFKHGXOLQJ��DQG�
launching from the batch job scheduler onto a user-level runtime. This means that 
users have to manage all of their workload scheduling instead of the workload manager 
managing it for them. These user-level runtimes are typically much simpler and less 
sophisticated than Flux and the other multi-user workload managers described above, 
but in exchange provide extremely high throughput. For example, CRAM provides no 
support for scheduling or queueing (i.e., there can only be one task per processor and 
once a task completes, the resources remain idle until all other tasks have completed), 
tasks requiring GPUs, or an API to query the status of tasks, but it can launch ~1.5 million 
tasks with an average job throughput of ~1,200 jobs per second [44]. Flux, in contrast, 
GRHV�QRW�DOORZ�UHVRXUFHV�WR�VLW�LGOH�DQG�VORZ�WKH�RYHUDOO�H[HFXWLRQ�RI�WKH�ZRUNȵRZ��HYHQ�
D�ZRUNȵRZ�ZLWK�����PLOOLRQ�WDVNV�

:RUNȵRZ�PDQDJHUV�DUH�GHVLJQHG�WR�HDVH�WKH�FRPSRVLWLRQ�DQG�H[HFXWLRQ�RI�FRPSOH[�
ZRUNȵRZV�RQ�YDULRXV�FRPSXWLQJ�LQIUDVWUXFWXUHV��LQFOXGLQJ�+3&��JULG��DQG�FORXG�
UHVRXUFHV�>��@��([DPSOH�ZRUNȵRZ�PDQDJHUV�LQFOXGH�3HJDVXV�>��@��'$*0DQ�>��@��
DQG�WKH�843�>��@��:RUNȵRZV�FDQ�EH�UHSUHVHQWHG�DV�D�GLUHFWHG�DF\FOLF�JUDSK��'$*���
as is the case with Pegasus and DAGMan, or a parameter sweep, as is the case 
ZLWK�WKH�843��2QFH�XVHUV�VSHFLI\�D�ZRUNȵRZ��WKH�ZRUNȵRZ�PDQDJHU�UHVROYHV�WKH�
dependencies through the DAG, submits tasks to the various computing resources 
DQG�KDQGOHV�PRYLQJ�GDWD�EHWZHHQ�WKH�GHSHQGHQW�WDVNV��:RUNȵRZ�PDQDJHUV�SURYLGH�
DQ�LQWHUIDFH�IRU�XVHUV�WR�WUDFN�WKH�VWDWXV�RI�WKHLU�ZRUNȵRZ�LQ�D�SRUWDEOH�IDVKLRQ�
DFURVV�PDQ\�W\SHV�RI�FRPSXWLQJ�LQIUDVWUXFWXUHV��$OWKRXJK�D�ZRUNȵRZ�PDQDJHU�
can improve the overall ZRUNȵRZ throughput by taking advantage of multiple 
independent computing resources (e.g., clusters), it does not improve the job 
throughput or concurrent scheduling capabilities of any individual computing resource. 
$GGLWLRQDOO\��WR�VXEPLW�DQG�PDQDJH�MREV�LQ�D�SRUWDEOH�ZD\�DFURVV�GL΍HUHQW�+3&�V\VWHPV��
PDQ\�ZRUNȵRZ�PDQDJHUV�LQFXU�H[SHQVLYH�VLGH�H΍HFWV��VXFK�DV�WKH�FUHDWLRQ�RI�PLOOLRQV�
RI�MRE�VWDWXV�ȴOHV�>��@��ZKLFK�FDQ�FULSSOH�PRGHUQ�SDUDOOHO�ȴOHV\VWHPV��)OX[�HQDEOHV�
ZRUNȵRZ�PDQDJHUV�WR�DYRLG�WKHVH�FULSSOLQJ�VLGH�H΍HFWV�ZLWK�HɝFLHQW��SRUWDEOH�$3ΖV�IRU�
submitting, tracking, and coordinating jobs.

Overall, many of these single-user technologies are not in competition with Flux but 
instead are complementary to Flux. In fact, Flux has been integrated and leveraged by 
PDQ\�ZRUNȵRZ�V\VWHPV��LQFOXGLQJ�843�DQG�7KHPLV�>��@��5DGLFDO�3LORW�>��@��6ZLIW�7�>��@��
and Parsl [31], providing them with better scalability, usability, and portability.
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D. Comparison Summary

Features Flux SLURM PBSPro 
(OpenPBS) LSF Moab RadicalPilot Balsam Parsl Nitro

Open source Yes Yes Yes No No Yes Yes Yes No

MULTIUSER MODE

Multi-user workload management Yes Yes Yes Yes Yes No Yes No No

Fully hierarchical resource management Yes No No No No N/A N/A N/A N/A

Graph-based advanced resource scheduling Yes No No No No N/A N/A N/A N/A

Scheduling specialization Yes No No No No N/A N/A N/A N/A

Security: only a small isolated layer running in 
privileged mode for tighten security Yes No No No No N/A N/A N/A N/A

Modern command-line interface (CLI) design [16] Yes Outdated 
CLI

Outdated 
CLI

Outdated 
CLI

Outdated 
CLI N/A N/A N/A N/A

Application programming interfaces (APIs) for job 
management, job monitoring, resource monitoring, 
low-level messaging

Yes 
(4/4) Some (3/4) Some 

(2/4) Some (2/4) Some (3/4) N/A N/A N/A N/A

Language bindings Yes (6) C, REST C, Python C, Python C N/A N/A N/A N/A

Bulk job submission Yes Only 
uniform jobs

Only 
uniform jobs

Only 
uniform jobs

Only 
uniform jobs N/A N/A N/A N/A

High-speed streaming job submission Yes No No No No N/A N/A N/A N/A

SINGLEUSER MODE

User-level workload management instance Yes No No No No Yes Yes Yes Yes

Support for nesting within foreign resource manager Yes N/A N/A N/A N/A Yes Yes Yes Yes

Fully hierarchical management of instances Yes N/A N/A N/A N/A No 
(two level) No No 

(two level)
No 

(two level)

Scheduler specialization for user level Yes N/A N/A N/A N/A Yes No Yes No

Graph-based advanced scheduling for user level Yes N/A N/A N/A N/A No No No No

Built-in facilities for inter-job communication and 
coordination Yes N/A N/A N/A N/A No No No No

Modern CLI design [16] Yes N/A N/A N/A N/A No Yes No Outdated 
CLI

APIs for job management, job monitoring, resource 
monitoring, low-level messaging

Yes 
(4/4) N/A N/A N/A N/A Yes 

(4/4)
Some 
(2/4)

Some 
(2/4) No

Language bindings Yes (6) N/A N/A N/A N/A Python Python Python No

Bulk job submission Yes N/A N/A N/A N/A Limited 
support No Limited 

support

Only 
single-core 

jobs

High-speed streaming job submission Yes N/A N/A N/A N/A Yes No Yes No

Support to launch MPI jobs Yes N/A N/A N/A N/A Yes Yes Limited 
support No

7DEOH����&RPSDULVRQ�0DWUL[�IRU�%RWK�0XOWL�8VHU�DQG�6LQJOH�8VHU�&RPSHWLWRUV
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Limitations

As with other high-end system software that targets the next generations of the 
ZRUOGȇV�ODUJHVW�VXSHUFRPSXWHUV��GHYHORSPHQW�RI�WKH�V\VWHP�LQVWDQFH�RI�)OX[��ZKLFK�
will enable it to be the primary system workload manager on exascale-computing-
class supercomputers by 2023, is actively being pursued as additional features and 
performance/scalability tuning, commensurate with the capabilities of then the 
ZRUOGȇV�IDVWHVW�VXSHUFRPSXWHUV��DUH�UHTXLUHG��ΖW�LV�LPSRUWDQW�WR�QRWH�WKDW�H[LVWLQJ�
workload managers in HPC (such as SLURM or LSF) have been developed and 
stabilized over a span of decades, until many HPC sites across the world adopted 
and deployed them, and they continue to add features. Similar expectations apply to 
WKH�)OX[�IUDPHZRUN�DV�GHYHORSPHQW�H΍RUW�DQG�IHDWXUH�HQKDQFHPHQWV�FRQWLQXH�

$�NH\�FKDOOHQJH�IRU�)OX[�LQFOXGHV�WKH�H΍RUW�UHTXLUHG�IRU�XVHUV�WR�SRUW�WKHLU�OHJDF\�
DSSOLFDWLRQV�DQG�ZRUNȵRZV�WR�WKH�ȵH[LEOH�DQG�PRGHUQ�)OX[�IUDPHZRUN��$OWKRXJK�WKH�
Flux framework is designed to be extremely user-friendly and easy to understand, 
WKH�WUDQVLWLRQ�RI�OHJDF\�DSSOLFDWLRQV�VWLOO�UHTXLUHV�VRPH�DPRXQWV�RI�H΍RUW�DQG�
developer bandwidth. This is because of the complex dependencies that could 
H[LVW�LQ�VRPH�RI�WKH�VFLHQWLȴF�ZRUNȵRZV�PDNLQJ�WKHP�FKDOOHQJLQJ�WR�XQWDQJOH�DQG�
port. Additionally, the ideas of fully hierarchical resource management, graph-
EDVHG�VFKHGXOLQJ��DQG�FXVWRPL]DWLRQ�RI�SROLFLHV�LQ�WKH�XVHUȇV�UHVRXUFH�DOORFDWLRQ�
are relatively new, and users need well-written documents, training and tutorials to 
realize the full potential of these novel capabilities. The Flux team provides detailed 
and up-to-date documentation, regularly holds tutorials at major venues, and 
HQJDJHV�ZLWK�GHYHORSHUV�HDUO\�RQ�WR�KHOS�WKHP�GHVLJQ�WKHLU�ZRUNȵRZ�LQIUDVWUXFWXUH�
RQ�WRS�RI�)OX[��$GGLWLRQDOO\��WKH�)OX[�WHDP�DFWLYHO\�ZRUNV�ZLWK�GHYHORSHUV�RI�ZRUNȵRZ�
software to co-design and to provide the interfaces that streamline the porting of 
H[LVWLQJ�DSSOLFDWLRQV�DQG�ZRUNȵRZV�
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4. SUMMARY

7RGD\ȇV�UHVHDUFKHUV�UHTXLUH�PRUH�FRPSXWLQJ�DSSOLFDWLRQV�WKDQ�HYHU�EHIRUH�LQ�WKHLU�
VFLHQWLȴF�ZRUNȵRZV��$�VLQJOH�MRE�PD\�QHHG�WR�UXQ�PXOWLSOH�VLPXODWLRQ�DSSOLFDWLRQV�DW�
GL΍HUHQW�VFDOHV�DORQJ�ZLWK�LQ�VLWX�YLVXDOL]DWLRQ��GDWD�DQDO\VLV��PDFKLQH�OHDUQLQJ��DQG�
DUWLȴFLDO�LQWHOOLJHQFH��7KHVH�QHHGV�FRPELQHG�ZLWK�KDUGZDUH�LQQRYDWLRQV��H�J���PXOWL�
WLHUHG�GLVN�VWRUDJH��FRPELQDWLRQV�RI�SURFHVVRUV��SRZHU�HɝFLHQF\�DGYDQFHPHQWV��
have outpaced the capabilities of traditional workload management software, 
ZKLFK�FDQQRW�KDQGOH�FRPSOLFDWHG�ZRUNȵRZV�RU�DGDSW�WR�HPHUJLQJ�VXSHUFRPSXWHU�
architectures. Flux is an open-source software framework that manages and 
VFKHGXOHV�FRPSXWLQJ�ZRUNȵRZV�WR�PD[LPL]H�DYDLODEOH�UHVRXUFHV�WR�UXQ�DSSOLFDWLRQV�
IDVWHU�DQG�PRUH�HɝFLHQWO\��)OX[ȇV�IXOO\�KLHUDUFKLFDO�UHVRXUFH�PDQDJHPHQW�DQG�JUDSK�
EDVHG�VFKHGXOLQJ�IHDWXUHV�LPSURYH�WKH�SHUIRUPDQFH��SRUWDELOLW\��ȵH[LELOLW\��DQG�
PDQDJHDELOLW\�RI�ERWK�WUDGLWLRQDO�DQG�FRPSOH[�VFLHQWLȴF�ZRUNȵRZV�RQ�PDQ\�W\SHV�
of computing systems—in the cloud, at remote locations, on a laptop, or on next-
JHQHUDWLRQ�DUFKLWHFWXUHV��8VHUV�FDQ�NLFN�R΍�D�)OX[�PDQDJHG�ZRUNORDG�DQG�PRQLWRU�
its progress with just a few commands. Researchers at LLNL and around the world 
are realizing that using Flux is like having your own personal supercomputer.
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