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Agenda

* Core technologies for Hybrid Systems M&S
— Formal treatment of Hybrid Systems
— Interaction between Continuous and Discrete dynamics

* Advances conCERNing relevant applications

— Networks of data flows
* Discrete models for the High Level Trigger in ATLAS TDAQ
* Fluid Flow approximations
* Hybrid models

— Tracking of particles motion in 3D geometries
e Co-simulation using hybrid numerical integration
e Speedups synthetic geometries
* The CMS case study

* Q&A
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Core Technologies




Core Technologies |

Formal treatment of Hybrid Systems
with the

Discrete EVent Systems specification
(DEVS)
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The DEVS Formalism Hybrid Systems

* Based on principles of the General Systems Theory

* DEVS (Bernard Zeigler, ’76, 90, 2000, 2018) allows to:

— Represent exactly any type of discrete system
— Approximate continuous systems at any desired degree of accuracy

Continuous
’ y(f}]
Sistema \/-\
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Discrete Time Discrete Events
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Definition DEVS Formalism

e DEVS Atomic Model: Basic unit of behavior

Internal States

Inputs [Il “ | Hﬁﬁﬂ | ” | Outputs
X S 0.1 Y

int? ~ext?

DEVS

« A DEVS model is defined by the following mathematical tuple:

My, =(X,Y,S,0..,0..,4,ta)

Y
Sets Dynamical Functions

Int?
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External dynamics DEVS Formalism
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External transition: A message comes from other models

Int?

My =(X,Y,S,

Y
Sets Dynamical Functions

0o A, 12)
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Internal Dynamics DEVS Formalism

i
0.
S < int
e
ta f'@ Ny
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Internal Transition: Current state expired
(independent from the external system)

0o A, 12)

Int?

My =(X,Y,S,

Y
Sets Dynamical Functions
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Event trajectories DEVS Formalism

* Example
MD:(X’Y’S’gint’é‘EXt’ﬂ/’ta)

Input X ol

X1

5 Sy = (Sint S

Intema| S | Sy = ()int(s‘l) 4 ( 3)
State S1 ﬂ

S3 = Oext(SZ: e. X1)

ta(s;) e  fa(ss)
Output Y . v — \(Ss)
y1 = A(s1)
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Properties DEVS Formalism

e A DEVS model:

— Processes a sequence of input events Atomic

— According to its internal State Changes { | DEVS Model ‘ | I |

— Produces a sequence of output events || : | - H‘—Ll_ﬂ ' |
— Using a continuous time base - O

* Allows representing any system
undergoing a finite number of
changes within finite time intervals
(Legitimacy property)
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Properties

e A DEVS model:

Processes a sequence of input events

According to its internal State Changes [ I| | |

DEVS Formalism

Atomic

Produces a sequence of output events
Using a continuous time base

* Allows representing any system
undergoing a finite number of
changes within finite time intervals

(Legitimacy property)

DEVS Model ‘ | I I
. |

W —

e DEVS models can be
coupled modularly

and hierarchically to build

complex systems.

All couplings produce new atomic
models.

(Closure under Coupling property)

Prof. Rodrigo Castro (UBA,CONICET)
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DEVS Model
1 > IJ_L._]_I—,
T I .I l [ = Mﬁ
[”_“ Mb -W|.|II-
N
coupleds I-r'oot‘. — coordinator I
|
coupled; | > | coordinators |
atomicy| |atomicy atomicy
|coord£ﬂ.at0r1 | | simulators |
| simulator; | | simulatory |

Universal DEVS Simulation Mechanism
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Genera

DEVS Formalism
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Interaction between Continuous and Discrete
dynamics with

Quantized State Systems
(QSS)
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Discontinuities

 Discontinuities create hy

Quantization Based Integration

brid dynamics

A system experiments a discrete discontinuity / \

« Example: Bouncing Ball

y(t)=v

ot — {—g if y(t)>0

* Numerical methods can incur in unacceptable errors ‘ .

* Discontinuity events must be
 detected efficiently
* handled properly

on a continuous State Variable

L
. \;'—J:./
(t) / JL

g YO =2 -v(O) if y() <0

» Often computationally costly. What can be done ?
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Motivating Example Quantization Based Integration

 Consider the following second order ODE system:

x1(t) = x(t)
{Xz(t) = —Xx(t)

 and the following approximation by state quantization:

{w) —  floor(x(t)) = qalt)

x2(t) = —floor(x4(t)) = —qg4(t)
H_/ H/—}
Original Quantized
state variables state variables
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Intuitive ldea Quantization Based Integration

TX =0 ' ' ' ' '

4 X1(t) ..... _______________________________________________________________________________ il
Equation: T W— § ............................................................................... |
):(1 (i‘) - q2(t) R | —— ............................................................................... A
x2(t) = —aqi(t) - f
Can be solved.
Consider the I.C.:

X1 (0) = 45‘ o)) SRR ............................................................................... o
x2(0) =0.5: - 7 S S — |
f: Discrete Event: " l ;t1 :10'5/4 . . . .

Floor(_) Changes. | 0 0.1 0.2 03 0.4 05 06 _)
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Intuitive ldea Quantization Based Integration

yS——— T A

4X1(t) ..... ____________________________________ _________________________________________ i
Equation: feoscomssnd 8 RS e '
X1(t) o qz(t) | S——— ..................................... ......................................... i
Xz(t) =

—Qq (t) 1 _X2:—4 ----------------------------------- ------------------------------------------ 8

Can be solved.

Consider the I.C.:
x1(0) = 45, : ; 3
x2(0) =05 - wl S e ]

e i """"""""""""""""""" t2: ti +1 /4 """""" i

f: Discrete Event: e . 1 ,
0 01 0.2 03 0.4 05 06

Floor(-) changes. ) | ' ‘ - ~ ~ y
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Intuitive Idea

Equation:
x1(t) = gaft)
X(t) = —aqq(t)

Can be solved.

Consider the I.C.:
x1(0) = 45,
x2(0) =0.5: -

f: Discrete Event:
Floor(-) changes.

Prof. Rodrigo Castro (UBA,CONICET)

Quantization Based Integration
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Intuitive ldea Quantization Based Integration

Equation: " 5 5 f

AU NN DUV T — |
falt)

—q1 (t) " . .................................... ................... ....................... i

Can be solved.

Consider the I.C.:
x1(0) = 45,
x2(0) =0.5: -

f: Discrete Event: ] : :
Floor(.) Changes. ) 0 0.1 02 0.3 04 05 0B
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Intuitive ldea Quantization Based Integration

 Solution of the Quantized System:

PP TR —
Xo(0) Py .......... .......... v ........ __________ __________ __________
) e, eyl ......... .......... ......... ........ .......... .......... .........
e B pe ......... .......... ........ .......... .........

;b DRSS ......... .......... ......... .......... SRR ......... ......... ..........
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Intuitive ldea Quantization Based Integration

e Differently form the Discrete Time (time slicing) integration methods
presented before, the following Quantized System:

x(t) = floor(x(t)) = gaft)
x2(t) = —floor(xq(t)) = —q1(t)
* Quantized Systems can’t be expressed as Difference Equations such as:

X(tk 1) = F(x(t), &)

* Quantized Systems are instead equivalent to DEVS models

e This entails a set of unique properties from which several
classes of simulation models can profit from.

* E.g. models of systems that are either heavily discontinuous,
stiff, very large, or combinations of them.
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State quantization Quantized State Systems

* Quantized State Systems (QSS) (Ernesto Kofman, 2001)

— Family of numerical methods based on the principle of state
guantization

— Quantize state variables with discrete quanta
instead of
partitioning time in discrete time steps.

— Implemented in several general purpose M&S tools

* Most advanced:
— PowerDEVS (we extend it for ATLAS TDAQ)
— QSS Solver (we extend it for Geant4)
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Example Quantized State Systems

« A mass-spring 2" order system
* QSS1 solution with quantum size AQ = 0.01

1.2

0.2
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Example Quantized State Systems

* QSS1 solution with guantum size AQ = 0.05

1.2 :

Note the advantage
______________________ of the decentralized asynchronous

computations at phases where
the dynamics are very different

D

-0.2 1 1 1 1 I 1 1 1 1
0 1 2 3 4 t 5 ] 7 8 9 10
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Example Quantized State Systems

* QSS1 solution with guantum size AQ = 0.1

) ) ! ! ! !
-0.2 | ] | | 1 | | 1 |
0 1 2 3 4 t 5 6 7 8 9 10
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Higher Order Methods Quantized State Systems

« Zero Order Quantization (e.g. with backward quantizer)

*« QSS1: First Order
method.

* Number of steps grows
linearly with the
precision.

....................................
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Higher Order Methods Quantized State Systems

 First Order Quantization

* QSS2: Second Order
method.

* Number of steps grows
with the square root of
the precision.

1
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Higher Order Methods Quantized State Systems

* Second Order Quantization

* QSS3: Third Order
method.

* Number of steps grows
with the cubic root of the
precision.
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Properties Quantized State Systems

Naturally asynchronous

— Decoupled, independent computation of changes in states variables (as
opposed to the time-slicing approach).

* Dense polynomial output on a continuous time base

— Efficient (trivial) detection and handling of discontinuities.
* Preserves practical stability

* For linear systems the global approximation error can calculated
analytically

e Particularly suitable for:

— Efficient simulation of hybrid systems with
* frequent discontinuities
¢ Sparse structure

— Real time simulation
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Applications




Applications |

Networks of Data Flows
TDAQ ATLAS, CERN

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

\ \ ! ; ‘ ; ; |
ajle|la|lcajajle|laglajlalea|lag|la|laajle|lad|laajlajlaa|lad|aw|jala|ad|at|a|az]|az|oe aa|la2|a3|as|a|az]a3]as

]
LS1 Run 2 LS2 Run 3
13-14 TeV, 1.6x1034 (u=43), 150 fb! Phaselinstall | 14 Tev, 2-3x10% (u=50-80), 350 fb*
Lo—) —) e —) [ —— e — —
HLT MASADA TopoGen Fluid HLT More advanced
packet-level FELIX for Phasel models Hybrid models
model models Parallel/Distributed
Simulation
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Multi-domain models

Data Network modeling

e Library of reusable models for Data Networks

N
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Extended PowerDEVS simulator Data Network modeling

[ sl )
? PowerDEVS ~ Vec?Saal_acc AcceptedCvent
Bl Edit Wea [em Qpross Simvaxion Detog Naos Dicemenason Wndow Kep TagMEnt requests —» x\_o_.-‘ 4
v XEx YO0 HLTSV assigment «» outRequest gm\“fgume
Lrary . . S~
e o—H-B-1E
Cortmzan HLTSVRequest Hitsvevee  W2TRequest || ) pracesing 2 Tacceptande <L m,,,jmma
P vin
= I 7, Fragment Responses > l o }——c.
e ) . -]
e 0 INReSponse £BReq [4 EBApD >y —— ——————-ﬂ:\z))
e Vec25ealfej RejectegEvent
pegiaie 1 '
— HLTSV
e >~ | <-Fragment Requests
Visen Oo 2 Py
| o2 |
'-‘;)'7;) !
Seeler g
e DataNetwork -
= L) §
St d@‘:: — J
ek ) A
Yot : PermanentStorage
. TPU
> L1Trigger IS ~—7
L) > OO= o
ey . ———— | Fragment Responses -->
Vet
SR
L[] DataNatwork_ RejectedEv
e Requests >
e e
- i v |—,< ﬁ
=9 L
> ’ TepPackatization
pDst2mtplx ROSA
ROSA PP Responses —»
PR IpSrc2Meplxr
©—p% - —o
nRequests Demul(lple;r-l ACKs ~> 5 TepSender  IpSreMtpher Outhespanses
IpDstMEpixr

Figure 6. TDAQ simulation model implemented in PowerDEVS. Tests to validate the TCP model against the real system shifted the focus from
studying averaged filtering latencies to analyzing clustered latency patterns (red curve vs. blue dots in Figure 5).
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TDAQ HLT System

—

ROS racks (x2 5) Data logger

% Storage node

10 Gigabit/s
2% Processing node

1 Gigabit/s

HLT racks (x25)

TPU T e TPU
(x30.--40) i (x30---40)

TPU

[ ]
L
L
L]
L]
L
L
B

O[] G| [ ]]
o XX

Figure 1. Topology and applications in the high-level trigger and data acquisition (TDAQ) farm. This intermediate
configuration is from long shutdown 1 (LS1) in 2014.

s &
-

LS1 intermediate topology
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TDAQ HLT System

Bonded links—————

Data logger -
d lin =T ROS (x100) /’ﬁ ] Storage node
2x10 Gigabit/s = N\ v .
10 Gigabit/s— NN Q Processing node
1 Gigabit/s— =
Core switch

\ \
\ |

|
\/

—
TPU
(x30---40)

o
cccc
-
.

Figure 7. Topology and applications in the TDAQ HLT farm for Run2. This is an upgrade of the one in Figure 1.
Run2 target topology
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Detailed modeling TDAQ HLT Data Flow

K] DCM 1] PU 1 [ros 1| [Rros2] [ros3.N
.

-
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Figure 4. TDAQ application sequence diagram involved in filtering a single Event. The processing units (PUs) request
information from the read-out system (ROS) in two stages: level-two (L2) filtering and Event building (EB).
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Validation TDAQ Traffic shaping

Validation of simulation for the DAQ network traffic shaping strategy

Event Build Latency - Real System Event Build Latency - Simulation
700
700F" — 500 credits —— 500 credits
— 700 credits CM DCM

600 600
'g 98.6%, ’g‘ 99.92% 99.93%
= 500 7 = 500
o / Q
c ) C
2 /] 2
8 400 /=400
D // oo
= / g
£ 300 %% 1/ £ 300
; Designed operating rate // ED
&o 200 (2 kHz per rack) / @ 200
q) )
2 $ / z

100}, : | 100

2 148%  903% 4300 581% 72.0% 84:3% foag, _ 29% 58.4% 87.5% /93 429,
—— . 'R . o
15 £ I U ¢ 0T B3 I G (2 X7 10N 1 b (57 753 IR IS I3 T llllulll [ T | O—r—xlllnAnninnnnlnnllinllnnlnllluxlnnnnnn
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000

(@) HLTSV assigned event rate (Hz) (b) HLTSV assigned event rate (Hz)

Figure 8. Average Event latency sweeping the HLTSV assignment rate (200 ROS, 1 TPU rack with 40 DCMs, 960 PUs): (a) real system
measurements and (b) simulation results. Percentages represent network load, and red background shows standard deviation.
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Simulation-based design TDAQ load balancing

» Simulation-based search for a candidate Load Balancing
to optimize DAQ Farm utilization and reduce Event Latency

Evaluate different HLTSV load balancing strategies

N .,
o 200 —e— HLTSV LEAST_BUSY_DCM assignment (new) I ..
é HLTSV RANDOM assignment (current) é
> .
S 150 © -
q) ~
= 2 ]
£ 100 0 Design Rate NGt | | !
£ 10.84ms (57%) : g -
4 . 1
R I @ - (FIFO) Proposed
=) H = :
o | | = (Adaptive)
g - = 1 —o"’ o
1 > F
< 0 L T
0 5k 10k 15k 20k 25k " ' y
FIFO RANDOM LeastBusyDCM
HLTSV assigned event rate (Hz) Load Balancing Strategy

Simulation showed that an adaptive load balancing could improve the
average Event Build Latency as much as 50%

Validated on real TBED infrastructure.
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Simulation—_ TD

Farm usage visualization — Load per TPU
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Simulation-based design TDAQ switches

- Early evaluation of different hardware options for the ToR switches
» Deep Buffers: 10MB shared for all ports
- Normal buffers: 700Kb per port (39 ports per switch)

Simulation to compare different hardware options

Event Build latency at different HLTSV rates Evolution of buffered data in ToR Switches
no-outliers +
800 - Deep Buffers
2500 e
—~ e Y O O I O O
800- £ @)
5 |
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— 177} ()
IS £, =
400- o Deep = f= NB
E FANormal § 5
— % -
S w0 G Normal Buffers
200- > o Lo
L (%3]
g
>
)
- == o Aade AT = é é
I I I I | | 1 | fj ]{ U u N h
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Discrete/Continuous verification

Multidomain network models
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TCP dynamics

Multidomain network models

° TC P prOtOCOI inputRate,(0) wiiii;r:\e(t) > inputRate, (1 wiiiﬁir:*le(t)
¢ Network Of queues departureRate, (1) departureRate, (f)
1 dropRate M,
 Random Early Discards ... e T
inputRate, (t) departureRate () ] departureRate, (t)
dropRate.(t) RED ——.dmpRale2(t)
(a) Tail-drop queue (b) RED queue
<- DiscardRatel
L <- RIT1
> ‘ TCP TCP
TCP . ~
A X —;= Senders Receivers
4
— —L ] TcpReceiverl
TepHostl Linkl L
/I/I/T—CI? ) | ; 'g_n [
g {p—
{ TopHost2 L2 - queuel TcpReceiver2 -‘
< RIT2 <-- Flowl @
LL >-. ” ueue 720N
Vel <4 - > A
e |’ Link4 1]
)
—'g—’ RED _"§ 3 Flows example
TcpHost3 oo Link3 e TepReceiver3 ]
<- RTT3
Prof. Rodrigo Castro (UBA,CONICET) CERN - TDAQ ATLAS, Geneva, Switzerland. May, 2018 42



Discrete/Continuous verification Multidomain network models

16
1 . . | Fluid TCP Window 1
14
: TCP Window sizes | Fluid TCP Window 2
121 : Fluid TCP Window 3
o 07 Packet Averaged Window 1
o8 l Packet Averaged Window 2
2 6] ) | Packet Averaged Window 3
N4
a1/ A I
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Aosd| |
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1/ A e e \/”‘*V\C-*/h-- —_—
0.24 |rf
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0 N _-"'ﬂ' | Packet Queue Size 2
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Speedups Multidomain network models

Speedups of up to 200x

Fluid-flow simulation for up to 1Gbps links

Packet-level simulation

800

750 4

?ooé
550%
600;
55né
sooé
450 ]
400
3501
300%

2504

200

150 4

Simulation Execution Time (seconds)

100

500Mbps

50

54 250Mbps

T T T T T T T T T T T T T T T T T
o 5 10 15 20 25 30 35 40 45 55 60 65 70 75 80 85 90 95 100

Throughput Scaling Factor (K)
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New: Multiflows

cal il
M

» r‘
" . i, .
: r,t ~
w:T

- [|~19

<- DiscardRatel

Multidomain network models

—

outLink2

=

TepHost? 1
autLinks outLinké TepReceiver1
: Router? I
g | - -
outLink7 TepReceiver3
TepHost2

=8

outLink3 )
TcpReceiver2

[gﬁ% More compact model

TepHost3 g

outLinks

g.

outLink4

<-RTT1

Too much wiring, does not

ﬁcale up

” ﬂq ’ 1=
! TcpReceiverl
TepHostl Link1
r* s T
B g
[ ] -
: ueue
TepHost2 Link2 9
e <-- Flowl
>
o | ; _ Flowl > 1 A |
/I/I/'W ,
TP Link4 an
>
[ TcpHost3 RED > l
cpHios Link3 .
TcpReceiver. 3
<- DiscardRate3 queue2 pl
<-RTT3

Basic topology
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Hybrid TCP flows Hybrid network models

. (2 Hybrid Model of TCP-AQM |
»  Proof-of-concept L f’e‘?fo“""“‘ Hybrid Flow
Combiner
Lo / ™
. | APPT

o Hybnd 1 user —L:'_H}@ | g .
: : “probe” e g <
Discrete/Continuous | I -9 S
FI - | 2"

OWS L /%J z—“@—g _@-j

. 5 [ " o
- 1 discrete o T ] £ o
: = £
“probe” flow i LR =i 3
|
I —

« N continuous
“background traffic” | . —

flows N users F“’
“background”

]
Eﬁ
Fl
+] _.‘%

—]

|
Continuous

Time

c
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Speedups and validation Hybrid network models

N =2 users N =4 users N =6 users

. Ve ry accepta ble . = —— — =

e Hybrid

qualitative results

« Preserves the
level of detail
of the discrete flow

- Speedup of
hybrid vs. pure discrete

models Execution Times
— From 2x to 3x 70
for less than 10 flows 60
50
ﬁ 40
] § 30 W Discrete
« Ongoing research: “ m Fluid
— increase speedups 10 = Hybrid
— scale up to thousands of
flows
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Applications Il

Particle Tracking for HEP detector simulation
CSD, Fermilab

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

\ \ ! ; ‘ ; ; |
ajle|la|lcajajle|laglajlalea|lag|la|laajle|lad|laajlajlaa|lad|aw|jala|ad|at|a|az]|az|oe aa|la2|a3|as|a|az]a3]as

]
LS1 Run 2 LS2 Run 3
13-14 TeV, 1.6%1034 (u=43), 150 fb? Phaselinstall | 14 Tev, 2-3%10% (u=50-80), 350 fb*
Lo—) . [ — £ — e ———
QSS methods GQLink GQLink Advanced Geometry
for HEP Interface optimization handling
Applications Geant4 with & other Parallel/Distributed
(CmS) QSS methods  detectors Simulation
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Motivation

e Simulation in HEP involves the numerical solution of ODE
systems

— Determine the trajectories described by charged particlesin a
magnetic field.

— As a particle moves through a detector, each volume crossing
interrupts the underlying numerical solver.

— Traditional methods can invest considerable computational
efforts to handle very frequent discontinuities accurately
(detection of intersection points).
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Goals

* Quantized State System methods (QSS)

— Methods exhibiting attractive features for this type of HEP
simulation scenarios

* Qur goals in this line of research are:
— Develop an implementation of QSS for the Geant4 toolkit
— Characterize its performance in varied realistic HEP applications
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The Geant4 toolkit

* Geant4: the most widely used simulation toolkit in
contemporary HEP experiments.

— Provides classical numerical methods based on time discretization
(variations of the Runge-Kutta family of numerical solvers)

— Uses custom iterative algorithms to approximate the event times
of each spatial discontinuity

— When events are very frequent, they can dominate the CPU time
within the integration method
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Geant4: particle transport

Transportation of a charged particle g along a step of length h proposed

by a physics process:
actual intersection

volume boundary relative-error < epsilon - h

miss-distance < deltaChord

h/2

start of step

initial iptergection
estimation

Kh < stepMax

h/2

wufl

real trajectory

q

= a total of 11 RHS evaluations involved for the 4th order Runge-Kutta.
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QSS for Lorentz Egs.

Lorentz equations

r' 2
_ __gc
2
_ __gc
Ly =v vy_m—T-(szx—vaz)
2
= - _qc . L
| Z=V, Vz = 1 (v By — vy, By)

® X,Y.,Z,Vy,V,, V. are the state variables

\
Quantized approximation

(. . gc’
X = Qy, Vx = my (va B, — dv. By]
- . 2

< Y =4 Vy = % - (qu Bx — Gy, Bz)
. . CE

(£ = qv, Vz = ?ﬂ—’}‘ ’ (qu By — Qy, Bx)

e Each state variable s is approximated by the quantized variable g
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QSS Solver — Define model

e Models are mathematically described by differential, algebraic and
discrete equations.

Example: Lorentz equations in GQLink
model UsualEq

parameter Real invMGamma
parameter Real coeff

1 / (m * gamma) ;
g*c*c * invMGamma;

equation

(Bx,By,Bz) = GQLink GetB(x,y,z);

der(x) = vx; der(vx) = coeff *x (Bz*vy - By*vz);
der(y) = vy; der(vy) = coeff *x (Bx*vz - Bz*vx);
der(z) = vz; der(vz) coeff * (By*vx - Bx*vy);

end UsualkEq;
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GQLink high-level diagram

(G4classicalRk4 )

Geant4 [stepping

G4D0rmandPrince?45)

/( Other )

GQLinkl«./QSssS Solver

-

fbﬁ:"" .
iy, - .
@’h{‘ ~.
Bg*’"a{n; a
%

e GQLink: not another Geant4 stepper.

TN
O
n
n
=

( Qssa

DOPRI5

DASSL

R

e An abstract, clean, single entry point interface to the QSS Solver

family of numerical integration methods.
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GQLink detailed interface

Geant4 GQLink QSS Solver
| G4PropagialorlnField | { [‘Model] ‘m,e?aoe‘ }

.l @ start of step h i
- H i

3 set_ste'p_data(step_length, track_info)i

GQLink_ComputeStep(step_length, track_info) advance(step._length, track_info)

- advance(step_data) i
G4MultiLevelLocator ‘ | reinit(v_x, v_y, v_z)

QSS_integrate()

. . loop Advance and save
G4Navigator —) 4_—| QSS substep

[while length < step_length . Z-'iub.‘slt’.[)
or boundary_crossed]

alt [if n_substeps == max_substeps]
| | @ checkpoint
i * LocateGlobalPointWithinVolume(start_point) ‘GQLink_bnundaryCrnssed(start_pnint. end_point)
I E—— |-
[' IntersectChord(start_point, end_point)
boundary_crossed, trial_point i
alt ) [if boundary_crossed] |
N - - . . . .
EslimatelntersectionPaint(start_point, end_point, trial_point) GQLink_computelntersection(start_point, end_point, trial_point)
loop eJ [until satisfying accuracy constraints]
advance_constrained(start_time, Iength)' >
Ceeeneananssemeennananseesanansiezessanenaanreomnasioneeines < -
I: new_candidate
1 >
| intersection_point L= =
@ end of step S | |

-1{

updated track_info updated_step_data
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Boundary crossing

Cheaper particle transport until the crossing point using QSS polynomial
dense output instead of iterative procedures:

actual intersection
(EstimateIntersectionPoint without AccurateAdvance)

volume boundary

end of QSS substep

polynomial trajectory

R initial intersection

estimation
(IntersectChord)

start of QSS substep

Prof. Rodrigo Castro (UBA,CONICET) CERN - TDAQ ATLAS, Geneva, Switzerland. May, 2018

57



Cubes and Helix

* Synthetic baseline

Physics off, Constant B in z
Harmonic 2D oscillation in x-y New G4 Step
Linear motion in z Inters
Known exact solution
G4ClassicalRK4 (eps= 1E-5)

QSS2 (dQrel=1E-5)

Approx. number of boundary crossings Approx. number of boundary crossings
95k 145k 289k 724k 3M 95k 145k 289k 724k 3M
200 : . . : vl : ; : ;
! 2 g5} Geant4/RK4 ]
< 150} 3X S = ]
S / 2
v 3l i
& / o
I . | O 5l CPU time (.
9 1 Speedups / N . , .
] ) Yol g EstimatelntersectionPoint i
O sof / 1 £ 2 06Xy ]
= yd S 4 ]
o e 2
Ratio 1F - —————-—————— - - ————— = 1} . 1
© Tatle o GQLInk/QSS2
- o 0.5F |
Y| — ' : ' : < o : : ' :
15 1 0.5 02 005 1.5 1 0.5 0.2 0.05
Cube edge length [mm] Cube edge length [mm]
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Error control

1.2
1.0
0.8
0.6
0.4
0.2
0.0™

err

Geant4

-3 -2 -1 0 1 2 30.00.20.40.60.81.01.2
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CMS — Particle gun

e GQLink validation was performed against a standalone Geant4
application featuring:
» Full CMS (Runl) detector geometry.
» Volume base magnetic field excerpted from CMSSW. )

» Particle gun shooting m~ particles (10 GeV, 10" events).

2000 events
~62000 secondaries per event

____________ Average
0.61%

Speedup [%]

N
o o

W
o

-4.0

100 runs
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CMS Validation

e Step count distribution for 7~ (left) and secondary electrons (right)
for 10 single 7~ events, showing equivalency of GQLink simulations:

0.00007 ) 3 T T T T T
B GQLink
1 Geant4d

. | GQLink
[ Geant4

...... . . R 0.00005k- o onuoii

. =
0.00006 - wovovih-

. —— SO — P RN SN S T — : LA SR T SR T S—
0.,00003 - -reeeeeee
T— - - — - L A 0.00002) ...

......... o - TN WSS SO W S

L i i L 1 1 0.00000 : i
200 400 600 800 1000 1200 1400 1600 1800 0 10000 20000 30000 40000 50000 60000 70000 80000

m steps e~ steps
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QSS Plot - details

Debug plot for state variable z (internal index: 3)

40F e X (t) s AN — Ty —— Sections
ok p e, . ) '// % . /. W, ‘ /’_. qg St ep
“\ Vi ¢ . /
40} e o N
- L e error(t)

/ ;‘f /" ] , ;‘.' ;‘-‘ f‘-" / ) Ry N /] / ‘.‘I
0 | /LSS \.‘{\‘\‘I‘I \I\\\‘\\J‘;/ SIS \\l\\‘\l‘l\‘l \.\.\ Iy, /\.\‘.\\‘\L‘I \\ \\I.\,,. y, . 3 :
4l A LR VA "‘,"I |
| , | 1
o Lo [~ aq
457 I I o AQmiu
3l E

0 0556 111 167 222 2.78 333 3.89 2.44 5

QSS2, dQRel = 0.1, dQMin = 0.01
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QSS Plot - details

Debug plot for state variable z (internal index: 3)
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s Step
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| em) error(t)
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Conclusions

 DEVS-based Hybrid M&S technologies

— Proved successful for dealing with effective
treatment of continuous/discrete interactions

— Proved effective to obtain speedups in applications
where:
* Continuous models present frequent discontinuities
 Discrete models can be approximated by continuous equations
— So far our “core technologies” were positively pushed
forward driven by applications relevant to CERN
* Network of data flows

 Particle tracking in HEP
— There is still huge room for performance gains
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Q&A

0. (s) ="Thanks !"

rcastro@dc.uba.ar .m.

rodrigo.daniel.castro@cern.ch
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