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Automated and Distributed Statistical Analysis
of Economic Agent-Based Models
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Abstract

We propose a novel approach to the statistical analysis of simulation models and, especially, agent-based models
(ABMSs). Our main goal is to provide a fully automated and model-independent tool-kit to inspect simulations and
perform counter-factual analysis. Our approach: (1) is easy-to-use by the modeller, (i1) improves reproducibility of
results, (i11) optimizes running time given the modeller’s machine, (iv) automatically chooses the number of required
simulations and simulation steps to reach user-specified statistical confidence, and (v) automatically performs a variety
of statistical tests. In particular, our framework is designed to distinguish the transient dynamics of the model from
its steady state behaviour (if any), estimate properties of the model in both “phases”, and provide indications on the
ergodic (or non-ergodic) nature of the simulated processes — which, in turns allows one to gauge the reliability of
a steady state analysis. Estimates are equipped with statistical guarantees, allowing for robust comparisons across
computational experiments. To demonstrate the effectiveness of our approach, we apply it to two models from the
literature: a large scale macro-financial ABM and a small scale prediction market model. Compared to prior analyses
of these models, we obtain new insights and we are able to identify and fix some erroneous conclusions.

Keywords: ABM, Statistical Model Checking, Ergodicity analysis, Steady state analysis, Transient analysis,
Warmup estimation, T-test and power, Prediction markets, Macro ABM
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OUTLINE

1. Motivation, vision, and proposal

1. Automated analysis with statistical guarantees for ABMs
2. The MultiVeStA Statistical Model Checker

2. Transient Analysis of a large-scale financial macro ABM
1. Estimation of expected outcome and Confidence Interval
2. Counterfactual analysis for different model configurations

3. Steady-state analysis of a prediction market model

1. Steady-state analysis by Replication and Deletion (RD)

2. Warmup estimation
3. Steady-state analysis by Batch Means (BM)
4. A methodology for ergodicity analysis based on RD and BM

4. Conclusions & Future works
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What is an Economic Agent-Based Model?

K NON ABM:s \
> 'Mainstream economists’ tend to reason in terms of models that

" Are given as a unique monolithic model
" Do not have focus on their single components, but on the overall dynamics of the model
" What the system does, rather than how the system does

"~ Have explicit representations of the laws governing the economic system
" Can be analysed analytically

ABMs
" Some economists are getting interested in modeling an economic system in terms of its components

" The agents that operate in it: firms, households, banks...

" The modeller does specify explicitly the laws governing the model.
" It describes explicitly

" The behaviour of every agent

" The interactions among the agents

" The laws governing the model then emerge from these behaviours and interactions
" These types of models are often denoted as ABMs.

" These are typically too difficult to be solved analytically

" We need to do simulations

" My message: we need to do simulations well!
" Avariant of model checking, statistical model checking, can help on this

Andrea Vandin 9 https://bit.ly/MultiVeStATool
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What is SMC?

The Model Checking problems

" Model Checking (MC):
" To decide whether a non-deterministic model satisfies a temporal logic property

" Probabilistic MC (PMC):
" To decide whether a stochastic model satisfies a temporal logic property with a probability
greater than a certain threshold

> Statistical MC (SMC):
" Simulation-based technique to statistically approximate the PMC problem
" Only requires independent and identically distributed samplings (simulations)
" Highly parallelizable

" Many tools supporting it. E.g.
" MultiVeStA, PRISM, UPPAAL, APMC, COSMOS, YMER, SAM, BIP,(P)VeStA...

" Two main approaches: Probability estimation VS Hypothesis testing
" Probability estimation = Real-valued property estimation

Andrea Vandin 10 https://bit.ly/MultiVeStATool
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‘Quality” of Statistical Analysis on 35 ABM from Management & Organisational Research

Adapted from Secchi, Seri, Computational and Mathematical Organization Theory, 2017
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" The importance of designing well simulation-based analysis.

" Power analysis on ‘are the expected outcomes of different configurations of parameters the same’?
" Poweris 1 - P(Type Il error)

" Roughly, P(test="outcomes are different’ | outcomes are different)

" "The value that seems to be more commonly accepted is 80%"
" "We need to encourage researchers to be more precise in the determination of the number of runs”

Andrea Vandin 11 https://bit.ly/MultiVeStATool
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Similar studies can be found also in other communities

A systematic review of statistical power in software
engineering experiments

Tore Dyba *™*, Vigdis By Kampenes ?, Dag LK. Sjgberg *

* Simula Research Laboratory, P.O. Box 134, NO-1325 Lysaker, Norway
® SINTEF ICT, NO-7465 Trondheim, Norway

Received 11 May 2005; revised 24 August 2005; accepted 31 August 2005
Available online 3 November 2005

Abstract

Statistical power is an inherent part of empirical studies that employ significance testing and is essential for the planning of studies, for the
interpretation of study results, and for the validity of study conclusions. This paper reports a quantitative assessment of the statistical power of
empirical software engineering research based on the 103 papers on controlled experiments (of a total of 5,453 papers) published in nine major
software engineering journals and three conference proceedings in the decade 1993-2002. The results show that the statistical power of software
engineering experiments falls substantially below accepted norms as well as the levels found in the related discipline of information systems
research. Given this study’s findings, additional attention must be directed to the adequacy of sample sizes and research designs to ensure
acceptable levels of statistical power. Furthermore, the current reporting of significance tests should be enhanced by also reporting effect sizes and
confidence intervals.

Andrea Vandin 12 https://bit.ly/MultiVeStATool
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The Class in 3 Slides: Statistically Meaningful Counterfactual Analysis
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The Class in 3 Slides: Steady-State Analysis: Market Selection

Automated choice of

- Number of sims

- Warmup period

- Time horizon
MultiVeStA

Same as analytical solution
from [Bottazzi,Giachini2019]

Arbitrary choice of
- Number of sims
- Warmup period

- Time horizon
from [Kets et al2014]
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The Class in 3 Slides: a Methodology for Ergodicity Diagnostics

2

Both
algorithms
successfully
terminate

Results
of algorithms
significantly
different

1
Perform autoBM and —)

autoRD for given a-6

NO 7
No violations observed.

Return computed results

Horizontal
means fail
normality
test

NO

lNO YES lYES
3 6
Increase resources or Violations observed.
consider transient analysis Consider transient analysis
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proach to Simulation-Based Analysis

=N AT b Y 2

ey |

Our Proposed Ap

newstalkzb.co.nz/news/education/modern-lego-sets-more-complex-less-inspiring/

https://www.alamy.com/

Handcrafted

» Mainly manual process

» Time-consuming

» Problems with replicability

» Error-prone

» Modify model, interpret CSV

» Ad-hoc implementations

» Reliability? Efficiency?

Andrea Vandin 16 https://bit.ly/MultiVeStATool
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Simulation-Based Analysis

newstalkzb.co.nz/news/education/modern-lego-sets-more-complex-less-inspiring/
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Handcrafted

» Mainly manual process

» Time-consuming

» Problems with replicability

» Error-prone

» Modify model, interpret CSV

» Ad-hoc implementations

» Reliability? Efficiency?
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Statistical Model Checking
» Automatic
» Time-saving and Reproducible

» Promotes use of standard analysis
» Reference implementation

» Reliable and Efficient

Andrea Vandin
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MultiVeStA: SMC For Discrete-Event Simulators

' |Mu|tiVeStA| | Simulator '

Andrea Vandin 17 https://bit.ly/MultiVeStATool
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MultiVeStA: SMC For Discrete-Event Simulators

: |Mu|tiVeStA| | Simulator '
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MultiVeStA: SMC For Discrete-Event Simulators

Decides number of steps \ \*x\
‘ simulations, and performs analysis
N\, hyinteracting with the simulator 7

BT s R

' |Mu|tieStA| | Simulator l

Andrea Vandin 17 https://bit.ly/MultiVeStATool
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MultiVeStA: SMC For Discrete-Event Simulators

—a

erforms basic tasks as requi ~
| by MultiVeStA: reinitialize, perform |
g Onestep, evaluate observation _"

Decides number of steps \*x\
A simulations, and performs analysis )
N, byinteracting with the simulator _»

PR e R

Simulator
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MultiVeStA: SMC For Discrete-Event Simulators

Decides number of steps \*x\
‘ simulations, and performs analysis
N, byinteracting with the simulator _~

e =

uired
| by MultiVeStA: reinitialize, perform )
e One step, evaluate observation "

erforms basic tasks as req

\
= 1

 Can be kept to a ‘minimum complexity N
_No need to implement analysis techniques

e ~

_—
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MultiVeStA: SMC For Discrete-Event Simulators

' Decides number of steps \»\
‘ simulations, and performs analysis
N, Dbyinteracting with the simulator _~

B

uired
| by MultiVeStA: reinitialize, perform )
e One step, evaluate observation "

erforms basic tasks as req

7 Returns to the user plots and CSV files with™> ‘
estimated means, confidence intervals, ... /

* Can be keptto a ‘minimum complexity N
_No need to implement analysis techniques

= ~
— B
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MultiVeStA: SMC For Discrete-Event Simulators

' |Mu|tiVeStA| | Simulator '
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MultiVeStA: SMC For Discrete-Event Simulators

N MultiVeStA @Q\O‘ ! Simulator
Server 1 ?,6 Instance 1
MultiVeStA MultiVeStA | & " Simulator

Client Server 2 \?& Instance 2

MultiVeStA Q\O‘ Simulator
Server N |&° Instance N
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MultiVeStA: SMC For Discrete-Event Simulators
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MultiVeStA: SMC For Discrete-Event Simulators

MultiVeStA S [ simulator
. R _
Server1l |¢° Instance 1
r [

MultiVeStA Q\O‘ Simulator
Server N |&° Instance N

Parallelization study \
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* MacroABM
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MultiVeStA: SMC For Discrete-Event Simulators
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Would you like to join the MultiVeStA family?

» Projects available

» As an exam for this course

» As starting points for Master projects?

» As starting points for longer collaborations!?
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OUTLINE
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4. Conclusions & Future works
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Transient Analysis by autolR: Large Macro ABM

Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA
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Fig. 1. Flow diagram of the model. Arrows point from paying sectors to receiving sectors.
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Transient Analysis by autolR: Large Macro ABM

Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA
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Large-scale macro financial ABM from Caiani et al, JEDC, 2016
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Large-scale macro financial ABM from Caiani et al, JEDC, 2016

" An economy with households, consumption/capital firms, commercial banks, government, central bank

" Thousands of agents

" Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
" Side product: any model implemented in JMAB is now nativelv intearated with MultiVeStA

.. 00es This Remind You Anything?

Iﬂterpretation Of LTL formU|aS Over TS LTLSF3.1-SEM-T'S

given: TST = (S, Act,—, S, AP, L)

7 without terminal states
Yoy oo Y 400
e | LTL formula ¢ over AP
Y21 Y221 ¥2,400 J
L T TlEe iff sslEgforallseS
iff trace(w) |= ¢ for all T € Paths(T)
Y ! n2! Yn,400 iff Traces(7) C Words(yp)
noyo iff T = Words
b2 _ Y, ~ E[Y,] T ()
n
i=1
satisfaction relation for LT properties
106 / 416
Andrea Vandin 24 https://bit.ly/MultiVeStATool



https://bit.ly/MultiVeStATool

Transient Analysis by autolR: Large Macro ABM

Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA

Evolution of bankruptcies
6 T T

—— bankruptcy
5 o
4 / \\

'4-5‘ 3 l \
Yoy o2y oo Y 400 > \Wm

: : /

: . 1 /
Y2,1 X220 oo Y2,400 Y

: : %0 50 100 150 200 250 300 350 400

1 . AA Steps A

1 1

1 1

1 1

1 1

1 1
Yn.1 ',yn,Z" Yn,400

2 P
n

Yi2 =
—1 n
1=

What is the correct value of n?

Andrea Vandin 25 https://bit.ly/MultiVeStATool


https://bit.ly/MultiVeStATool

Transient Analysis by autolR: Large Macro ABM

Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA

Evolution of bankruptcies
6 T T

—— bankruptcy
5 o
4 / \\

'4-5‘ 3 l \
Yoy o2y oo Y 400 > \Wm

: : /

: . 1 /
Y2,1 X220 oo Y2,400 Y

: : %0 50 100 150 200 250 300 350 400

1 . AA Steps A

1 1

1 1

1 1

1 1

1 1
Yn.1 ',yn,Z" Yn,400

2 P
n

Yi2 =
—1 n
1=

What is the correct value of n?
Typical answer: 100

Andrea Vandin 25 https://bit.ly/MultiVeStATool


https://bit.ly/MultiVeStATool

Transient Analysis by autolR: Large Macro ABM

Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA

Evolution of bankruptcies
6 T T

A
Fo\

'4 - 5‘ 3 l \
Y113 V12t Y1,400 , xwmv
; : /
: . o
Y2,1 1Y2.24 Y2,400 Y,
: : OO 50 100 150 200 250 300 350 400
1 . Steps
1 1
1 1
1 1
1 1
1 1
Yn.1 ',yn,Z" Yn,400
hJ Y
n
Yiz =
"2 Y, ~ E[Y]
—1 n
1=

Our answer:
What is the correct value of n? The question itself is ill-posed
Typical answer: 100 Each property and time step might require a different n
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Statistically Meaningful Counterfactual Analysis
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Power of the test

P(Test=0 | Real=0)

1 - P(Type Il error)
[Chow2002]
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Width of the Confidence Intervals and T-Test Power

Power of the test

P(Test=0 | Real=0)

1 - P(Type Il error)
[Chow2002]
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Transient Analysis by autolR: How To Do It in MultiVeStA?

Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA

A query to study the evolution of bankruptcies

obsAtStep(t,obs) = if (s.eval("steps") == t)
then s.eval(obs)
else next (obsAtStep(t,obs))
fi ;
eval autoIR(E[ obsAtStep(t,"bankruptcy") 1], ,t,1,1,400) ;
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—— bankruptcy with 97.5% ClI
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Large-scale macro financial ABM from Caiani et al, JEDC, 2016
An economy with households, consumption/capital firms, commercial banks, government, central bank
Thousands of agents

Implemented in JMAB: Java framework for macro stock-flow consistent ABM models.
Side product: any model implemented in JMAB is now natively integrated with MultiVeStA

A query to study the evolution of bankruptcies and unemployment rate

obsAtStep(t,obs) = if (s.eval("steps") == t)
then s.eval(obs)
else next (obsAtStep(t,obs))
fi ;
eval autoIR(E[ obsAtStep(t,"bankruptcy") ],E[ obsAtStep(t,"unemploymentRate") ],t,1,1,400) ;
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Does This Remind You Anything?

Evolution of bankruptcies
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1. Automated analysis with statistical guarantees for ABMs
2. The MultiVeStA Statistical Model Checker

2. Transient Analysis of a large-scale financial macro ABM

1. Estimation of expected outcome and Confidence Interval

2. Counterfactual analysis for different model configurations

3. Steady-state analysis of a prediction market model
1. Steady-state analysis by Replication and Deletion (RD)

2. Warmup estimation
3. Steady-state analysis by Batch Means (BM)
4. A methodology for ergodicity analysis based on RD and BM
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Steady-State Analysis by autoRD: Market Selection

Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability 7*

>

3 Fractional Kelly bettors with a belief on 7* and place bets accordingly

Agents wealth at steady state

ElAgent 1 ElAgent2 [JAgent3

wealth share
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1 event realises at every step with a fixed probability 7*
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Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability 7*
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Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability 7*

>

3 Fractional Kelly bettors with a belief on 7* and place bets accordingly
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wsteps o= -a--- . X Vi N Agents wealth at steady state
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------- go.e-
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Simple repeated betting market from Kets et al, AAAI 2014
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Simple repeated betting market from Kets et al, AAAI 2014
" 1 eventrealises at every step with a fixed probability 7*
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Replication and deletion (RD), [Law,Kelton2015]
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Steady-State Analysis by autoRD: Market Selection

Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability 7*

3 Fractional Kelly bettors with a belief on 7* and place bets accordingly

Warmup
WSteps o ma-a- 5 Vi - Agents wealth at steady state
’ § ’ I |
[ IO yl,m 'l - 1 Yl (W) : ElAgent 1 Il Agent2 [lAgent3
‘5 _____ - m - W ! | 1
g = ~‘t=W+1 : B :
: . yz,m I :: 2(W)| 08
'\ q ' 1
------ 1 : go.s-
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1 . 20451
...... 1
,'A ) | : - : 0.2
|‘ .. yn,m " ‘ — Yn(w):
e mmmmm 7 A 0
S nmw 0 0.2 04 06 0.8 1

» W) _ Y(w) ~ E[Y] = lim E[Y,]

n I— 0

Replication and deletion (RD), [Law,Kelton2015]
What are the correct values for w, m, n?
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Simple repeated betting market from Kets et al, AAAI 2014
" 1 eventrealises at every step with a fixed probability 7*

" 3 Fractional Kelly bettors with a belief on 7* and place bets accordingly
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Replication and deletion (RD), [Law,Kelton2015]
What are the correct values for w, m, n?

THESE ARE DIFFICULT QUESTIONS
ARE THEY CRUCIAL?
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Simple repeated betting market from Kets et al, AAAI 2014
" 1 eventrealises at every step with a fixed probability 7*
" 3 Fractional Kelly bettors with a belief on 7* and place bets accordingly

Warmup
steps == s m e mm-, m -
w . . Vi P . Agents wealth at steady state
[ IO yl,m 1 2 — 1 Yl (W) : ElAgent 1 Il Agent2 [lAgent3
‘~ - dl m - W . 1
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“ 4 ' [ |
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\ = Y00

Senae! 0 02 0.4 06 0.8 i

Wrong by [Kets et al AAAI2014]

2 Yiw) _ Y(w) ~ E[Y] = lim E[Y]]

n I— 0

Replication and deletion (RD), [Law,Kelton2015]
What are the correct values for w, m, n?

THESE ARE DIFFICULT QUESTIONS
ARE THEY CRUCIAL?
YES
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Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability 7*

>

3 Fractional Kelly bettors with a belief on 7* and place bets accordingly
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§ e - Y(W) ~ E[Y] - thm E[Yt] from [Bottazzi, Giachini,
ﬁ
i=1 - Quantitative Finance 2019]

Replication and deletion (RD), [Law,Kelton2015]
What are the correct values for w, m, n?

THESE ARE DIFFICULT QUESTIONS
ARE THEY CRUCIAL?
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Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability z*

>

3 Fractional Kelly bettors with a belief on 7* and place bets accordingly
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Replication and deletion
What are the correct values for w, m, n?
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Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability z*

>

3 Fractional Kelly bettors with a belief on 7* and place bets accordingly

Warmup
wsteps = oo mmmam, m ——
I ~ yl,l o™ ~
|'° yl,m " Z — : Yl(W)‘:
P S m—w .
'¢ """" 5 A t=w+l 1 — : 0.005
.. Yom : - Q(W)' ;
S f : -
l i
' 1 i
1 1 £
------- ' 1
- Y o '
' Yn.m ! ::‘ Yn(w):
L S—— Ly o oo ',
LY (w) .
Z Y(w) ~ E[Y] = lim E[Y]]
i1 n =00

Replication and deletion
What are the correct values for w, m, n?

THESE ARE DIFFICULT QUESTIONS
ARE THEY CRUCIAL?
YES

Does the market price match 7*?

-0.005

\

o
NTINN

.,\—,\‘\avll

A\ TN
’,/v\ N AN

1
1 0.0051

_s\l\,

1 -0.005f

0.4

0.7

Wrong Cl on wrong w, m, n
from [Kets et al AAAI2014]

Andrea Vandin 34

https://bit.ly/MultiVeStATool

Correct Cl on wrong w, m, n
from [Kets et al AAAI2014]


https://bit.ly/MultiVeStATool

Steady-State Analysis by autoRD: Market Selection

Simple repeated betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability z*
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Warmup Estimation in the ABM Community

Y11 V1p V1.m
Y21 Yap Yo.m
Yn1 Yn2 Yn,m

1.
2.
3.

4.1.
4.2.

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

Do n simulations of a given large length m

Andrea Vandin

36

https://bit.ly/MultiVeStATool


https://bit.ly/MultiVeStATool

Warmup Estimation in the ABM Community

Typical approach used in the ABM community

Based on Welch's graphical method [Welch1983]

'¢-~"¢-~‘ '¢_~‘
SRR TR Vim! 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
E)’21:E)’22: : E)’z,m: 3.
A
. :: . . . 4.2.
:,ynl':ynZ" "ynm"
-——? Y A S n yi’t B
i=1 !
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Warmup Estimation in the ABM Community

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1‘: :')’1,2‘: e :')’1,m‘: 1. Do n simulations of a given large length m

: . : : : 2. Compute Y, foreachr € [1,m]

1 Y210 Y204 ... 1Yo | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
L ]
R 4.2,

50 4 |
1 160

Example from a reference book on simulation [Law,Kelton2015]
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Warmup Estimation in the ABM Community

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

'é-x"é-x‘ '¢_~‘
PV Vi e Dm! 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
. E : E : : 4.1. Choose the time point w after which the plot seems to converge
. :: . . . 4.2.
! yn,l':yn,Z" "yn,m'

- . P o A_' S P

50 !
1 160
Example from a reference book on simulation [Law,Kelton2015]
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Warmup Estimation in the ABM Community

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

"] ’ , Y
SRR TR Vim! 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
. E : E : : 4.1. Choose the time point w after which the plot seems to converge
: " : . : 4.2. If no such point exists, go back to point 1 and compute n new simulations
! yn,l':yn,Z" "yn,m'

- L P A e el

50 !
1 160
Example from a reference book on simulation [Law,Kelton2015]
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Warmup Estimation in the ABM Community

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1‘: :')’1,2‘: e :')’1,m‘: 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
: V2.1 EE)’z,z E E)’2,mi 3. Plotall 7[ Can smooth by averaging with a window of neighbour time points
; vt 0 : . 4.1. Choose the time point w after which the plot seems to converge
: E: E . E 4.2.1f no such point exists, go back to point 1 and compute n new simulations
: " : : : No statistical guarantees
E. Yn,1 :E)’n,z ': :‘yn,m: Not automatic:
mmt et Tt - Depends on chosen parameters
- Decision is human-made
. - P s —
I
| |
1 160
Example from a reference book on simulation [Law,Kelton2015]
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Warmup Estimation in the ABM Community

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1‘: :')’1,2‘: e :')’1,m‘: 1. Do nsimulations of a given large length m
: L : : : 2. Compute Y, foreachr € [1,m]
VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
: E : E : E 4.1. Choose the time point w after which the plot seems to converge
: " : . : 4.2.1f no such point exists, go back to point 1 and compute n new simulations
: ' : : : No statistical guarantees
E. Yn,1 :E)’n,z ': :‘yn,m: Not automatic:
mmt et Tt - Depends on chosen parameters
- Decision is human-made
A more recent approach by the ABM community [Grazzini2012]
Vil Yip | e Yizk e Vb 1. D? .1 Io.ng simL{Iation of a giv?n Iarge length m |
2. Divide itin a given number wi of windows of consecutive steps
3.
4
5
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Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1 Yo :')’1,m‘: 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
: E : E : E 4.1. Choose the time point w after which the plot seems to converge
: " : . : 4.2. If no such point exists, go back to point 1 and compute n new simulations
T C No statistical guarantees
El Yn1 ! Eyn,Z ': :‘yn,m,: Not automatic:
P @ A3 Vi

- Depends on chosen parameters
- Decision is human-made

A more recent approach by the ABM community [Grazzini2012]

- - omomow - ——-- e mom el

i 8 1 it ' 1. Do 1 long simulation of a given large length m
V1 Yipit oo V12 | ' Yinb © 1 jong simy givenfarg v .
R 7 2. Divide it in a given number wi of windows of consecutive steps
Vi, — B o 3. Compute the mean B; within each window
2 b - Bl B2 Bn 4.
=1 5.
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Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1 Yo :')’1,m‘: 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
: E : E : E 4.1. Choose the time point w after which the plot seems to converge
: " : . : 4.2. If no such point exists, go back to point 1 and compute n new simulations
T C No statistical guarantees
El Yn1 ! Eyn,Z ': :‘yn,m,: Not automatic:
P @ A3 Vi

- Depends on chosen parameters
- Decision is human-made

A more recent approach by the ABM community [Grazzini2012]

- - omomow - ——-- e mom el

i Xt 1 s ' 1. Do 1 long simulation of a given large length m
V11 Vipis - Y1i2b | ' Vb o ,9 , g , 5,7 9 .
e A b ] L 2. Divide itin a given number wi of windows of consecutive steps
Vi: — B B 3. Compute the mean B; within each window
=B, B, Bn 4. Perform arandomness test on the computed means
=1 b 5
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Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1 Yo :')’1,m‘: 1. Do nsimulations of a given large length m
: . : : : 2. Compute Y, foreachr € [1,m]
VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
: E : E : E 4.1. Choose the time point w after which the plot seems to converge
: " : . : 4.2. If no such point exists, go back to point 1 and compute n new simulations
T C No statistical guarantees
El Yn1 ! Eyn,Z ': :‘yn,m,: Not automatic:
P @ A3 Vi

- Depends on chosen parameters
- Decision is human-made

A more recent approach by the ABM community [Grazzini2012]

- - omomow - ——-- e mom el

i o | i ' 1. Do 1 long simulation of a given large length m
V11 Vipis - Y1i2b | ' Vb | o ,9 , 9 , 5,7 = .
e A b ] L 2. Divide itin a given number wi of windows of consecutive steps
Vi: — B B 3. Compute the mean B; within each window
=B, B, Bn 4. Perform arandomness test on the computed means
b P
=1 5. If the test passes, then the transient is completed
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Warmup Estimation in the ABM Community

Typical approach used in the ABM community
Based on Welch's graphical method [Welch1983]

:')’1,1 Yo :')’1,m‘: 1. Do nsimulations of a given large length m

: . : : : 2. Compute Y, foreachr € [1,m]

VY2101 Y20 Y2mv | 3. Plotall Y, Can smooth by averaging with a window of neighbour time points
: E : E : E 4.1. Choose the time point w after which the plot seems to converge

: " : . : 4.2. If no such point exists, go back to point 1 and compute n new simulations
T C No statistical guarantees

EI Yn1 ! iyn,Z ': :‘yn,m,: Not automatic:

Teet e et - Depends on chosen parameters

- Decision is human-made

A more recent approach by the ABM community [Grazzini2012]

- - omomow - ——-- e mom el

I a ' it | 1. Do 1 long simulation of a given large length m
V11 Vipis - Y1i2b | ' Vb o ,9 , 9 . 9 9 .
e A b 2. Divide itin a given number wi of windows of consecutive steps
Vi: — B B 3. Compute the mean B; within each window
=B, B, Bn 4. Perform arandomness test on the computed means
b P
=1 5. If the test passes, then the transient is completed

Has statistical guarantees

Not automatic:
- "with appropriate settings the tests can detect non-stationarity”
- Decision depends on chosen parameters
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Warmup Estimation in the ABM Community

- First proposal in [Conway1963]

- Approach for steady state analysis
- Alternative to Replication and Deletion based on 1 long simulation

This is a rediscovery of part of the Batch Means (BM) method

- First automatic version in [Law,Carson1979]

- - omomow

A more recent approach by the ABM community [Grazzini2012]

- ——-- e mom

- —— - mom

Has statistical guarantees

Not automatic:
- "with appropriate settings the tests can detect non-stationarity"

- Decision depends on chosen parameters

g Wb =

Do 1 long simulation of a given large length m

Divide it in a given number wi of windows of consecutive steps
Compute the mean B; within each window

Perform a randomness test on the computed means

If the test passes, then the transient is completed
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Warmup Estimation in the ABM Community

This is a rediscovery of part of the Batch Means (BM) method
- First proposal in [Conway1963]
- First automatic version in [Law,Carson1979]
- Approach for steady state analysis
- Alternative to Replication and Deletion based on 1 long simulation

Our automated warmup estimation procedure builds on BM-related results
- We also propose a simple novel version of BM for steady-state analysis
- Based on [Law,Carson1979] [Steiger et al 2005] [Tafazzoli et al 2011] [Gilmore et al 2017]

A more recent approach by the ABM community [Grazzini2012]

- - omomow e -mm=--, - —— - mom

{ ' . 1. Do 1 long simulation of a given large length m
Y11 Vb, - V1,.2b ‘ Y1,nb - g . J . g J :
__________ Tha 2. Divide itin a given number wi of windows of consecutive steps
b Vi: — B B 3. Compute the mean B; within each window
=B, B, B, 4. Perform a randomness test on the computed means
b P
=1 5. If the test passes, then the transient is completed

Has statistical guarantees

Not automatic:
- "with appropriate settings the tests can detect non-stationarity"

- Decision depends on chosen parameters
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Warmup Estimation by autoWarmup: our Automated Proposal

1. Do 1 long simulation of length m
2. Divide itin B batches of consecutive steps

3. Compute the mean B, within each batch

- ——--- e -, e m e,

- - -
- W W W W W . - e W w w W W - e e m e m =
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b, 1. Do 1 long simulation of length m
B=128 is the number of simulation batches 2. Divide it in B batches of consecutive steps
b=16 is the number of steps in each batch 3. Compute the mean B, within each batch
Yin---Yip - V1,20 Y1,Bb
NS - - -
Z b B, b, Bp
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b, 1. Do 1 long simulation of length m
B=128 is the number of simulation batches 2. Divide it in B batches of consecutive steps
b=16 is the number of steps in each batch 3. Compute the mean B, within each batch
16 ,cememmne, 16,ccmcnen, 16 cmmcnenn,
Y1 Yipii oo Y1.2p Y1,Bb
b_________‘ S - - .
yl,z 5 - _—
25 =B B By
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b, 1. Do 1 long simulation of length m
B=128 is the number of simulation batches 2. Divide it in B batches of consecutive steps
b=16 is the number of steps in each batch 3. Compute the mean B; within each batch
16 --=nmn-es \1 IEEECEEEEER e 4. Perform statistical tests to check if m is large enough
i‘yl,l e yl,bj i‘ e V12b ": e -+ V1.Bb ’,: Discard the first 4 batches
b‘ """"" i — . I i Perform a normality test on the computed means
Z % — El EZ EB Check for low lag-1 autocorrelation on the means
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b, 1. Do 1 long simulation of length m
B=128 is the number of simulation batches 2. Divide it in B batches of consecutive steps
b=16 is the number of steps in each batch 3. Compute the mean B; within each batch
16 --=nmn-es \1 O zzmmmmmnny 16, z2=zonse-, 4. Perform statistical tests to check if m is large enough
i‘yl,l o yl,bj i‘ w120 ": e ++ Y1,Bb ’,: Discard the first 4 batches
b~ """"" I S . I i Perform a normality test on the computed means
Z & — El EZ EB Check for low lag-1 autocorrelation on the means
b 5.1 If all tests pass, we conclude that the warmup has ended
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b,
B=128 is the number of simulation batches

b=16 is the number of steps in each batch

e S

) )

16 .

- - == w

B w N =

Do 1 long simulation of length m
Divide it in B batches of consecutive steps
Compute the mean B, within each batch

Perform statistical tests to check if m is large enough
Discard the first 4 batches

Perform a normality test on the computed means
Check for low lag-1 autocorrelation on the means

5.1 If all tests pass, we conclude that the warmup has ended

5.2 If one test fails
Double b squeezing the batches in the first B/2 ones
Double m by performing m new simulation steps
Go back to step 3
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b,

B=128 is the number of simulation batches
b=16 is the number of steps in each batch

16 1(% | 16
Y11 Yipit -+ Y12b
. g
- yl,t — -
Z =B, B,
b
=1
32 e 32 oo
V11 Vipie-

------------------------------

Do 1 long simulation of length m
Divide it in B batches of consecutive steps
Compute the mean B, within each batch

Perform statistical tests to check if m is large enough

B w N =

-+ Y1,Bb Discard the first 4 batches

Perform a normality test on the computed means
EB Check for low lag-1 autocorrelation on the means

5.1 If all tests pass, we conclude that the warmup has ended

5.2 If one test fails
Y Double b squeezing the batches in the first B/2 ones

- / Double m by performing m new simulation steps
Go back to step 3

-------------
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Warmup Estimation by autoWarmup: our Automated Proposal

0. Setm= B*b,

B=128 is the number of simulation batches
b=16 is the number of steps in each batch

Do 1 long simulation of length m
Divide it in B batches of consecutive steps

Compute the mean B, within each batch

B w N =

Perform statistical tests to check if m is large enough
Discard the first 4 batches
Perform a normality test on the computed means
Check for low lag-1 autocorrelation on the means

5.1 If all tests pass, we conclude that the warmup has ended

5.2 If one test fails
Double b squeezing the batches in the first B/2 ones
Double m by performing m new simulation steps
Go back to step 3

16 16 | 16

Y11 Yipidl - Y12p -+ Y1,Bb
e

= Vi = _ _

Z = B, b, By

b

=1

32 e 32 .
V1.1 Vipi-et V1.£b

32 e, 32 e
V1.8p V1(E+1)b! {‘ Y1.Bb
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Steady State Analysis by autoBM: our BM-Based Proposal

0. Setm= B*b, 1. Do 1 long simulation of length m
B=128 is the number of simulation batches 2. Divide it in B batches of consecutive steps
b=16 is the number of steps in each batch 3. Compute the mean B, within each batch
e T TE oL T 4. Perform statistical tests to check if m is large enough
:‘yl’l YIb 4 1,20 | Y1.Bb Discard the first 4 batches
b T T Perform a normality test on the computed means
Yt = - . .
2 — =B, B, Bj Check for low lag-1 autocorrelation on the means
=1 b 5.1 If all tests pass, we conclude that the warmup has ended
"B Compute the grand mean (mean of the means)
J B(l) ~ E[Y] = lim E[Y]] Compute the width d of the Cl of grand mean
j=l+1 n—| t—00 Adjust d according to the residual correlation in the means

5.2 If one test fails
Double b squeezing the batches in the first B/2 ones

Double m by performing m new simulation steps
Go back to step 3
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Steady-State Analysis: How To Do It in MultiVeStA?

Simple repetitive betting market from Kets et al, AAAI 2014
1 event realises at every step with a fixed probability 7*
3 Fractional Kelly bettors. Have a belief on 7% and place bets accordingly

A query to study the wealth of each agent and the market price at steady-state

obs(o) = s.eval(o) ;

//0nly one of the three commands below should be used

eval warmup(E[ obs(0) ],E[ obs(1) ],E[ obs(2) ],E[ obs("price") 1) ;
eval autoBM(E[ obs(0) ]J,E[ obs(1) ],E[ obs(2) ],E[ obs("price") 1) ;
eval autoRD(E[ obs(0) ],E[ obs(1) ],E[ obs(2) ],E[ obs("price") 1) ;

ElAgent 1 Bl Agent2 [JAgent3

0.002

-,
4 4
0.001f ’ /A
& ’ 2/,
‘Y
. ,’,/ ,//
272 2 /!
7
-

-0.001 [

n
\
N\

wealth sﬁare
market price

-0.002
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OUTLINE

1. Motivation, vision, and proposal
1. Automated analysis with statistical guarantees for ABMs

2. The MultiVeStA Statistical Model Checker
2. Transient Analysis of a large-scale financial macro ABM

1. Estimation of expected outcome and Confidence Interval

2. Counterfactual analysis for different model configurations

3. Steady-state analysis of a prediction market model
1. Steady-state analysis by Replication and Deletion (RD)

2. Warmup estimation
3. Steady-state analysis by Batch Means (BM)
4. A methodology for ergodicity analysis based on RD and BM

4. Conclusions & Future works
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A Methodology for Ergodicity Diagnostics

2

Both
algorithms
successfully
terminate

Results
of algorithms
significantly
different

1
Perform autoBM and —)

autoRD for given a-6

NO 7
No violations observed.

Return computed results

Horizontal
means fail
normality
test

NO

lNO YES lYES
3 6
Increase resources or Violations observed.
consider transient analysis Consider transient analysis
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OUTLINE

1. Motivation, vision, and proposal

1. Automated analysis with statistical guarantees for ABMs

2. The MultiVeStA Statistical Model Checker

2. Transient Analysis of a large-scale financial macro ABM
1. Estimation of expected outcome and Confidence Interval
2. Statistical comparison of different model configurations

3. Steady-state analysis of a prediction market model

1. Steady-state analysis by Replication and Deletion (RD)

2. Warmup estimation
3. Steady-state analysis by Batch Means (BM)
4. A methodology for ergodicity analysis based on RD and BM

4. Conclusions & Future works
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CONCLUSIONS

» Fully automated framework for statistical analysis of ABMs
» Transient analysis with statistical tests to compare model configurations
» Warmup estimation
» Steady-state analysis by Replication and Deletion and by Batch Means
» Ergodicity diagnostics
» Tool-supported one-click analysis:
» Less manual error-prone tasks => more reproducibility & reliability
» Automatically parallelise simulations: 15 days => 15 hours
» Implemented in the statistical analyser MultiVeStA
» Supports simulators written in Java, Python, R, C++, JMAB, NetLogo
» Validated on two models from the literature:
» Large-scale macro financial ABM, Small-scale prediction market model
» We obtained new insights on the considered models
» We avoid analysis errors from previous publications
» Our approach is rooted in results from:
» Communities of Simulation, Computer Science, Operations Research

» We aim at strengthening the cross-fertilisation of these communities with the ABM one
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FUTURE WORK

» Add more techniques
» Detection of multiple stationary points
» Advanced SMC techniques to
» Handle rare events, Reduce number of simulations required
» More!? Model calibration, Sensitivity analysis, ...
» Apply the approach to further models and domains

» Any JMAB model is now natively supported
» We have integrated a ‘classic’ ABM model, Islands model [FagioloDosi2003]

» We wish to natively support further frameworks for ABM modelling
» LSD, JASMINE, Mesa, ...

» Would you like to use MultiVeStA to analyse your models?
» Just contact us andrea.vandin@santannapisa.it

» Interested in projects related to MultiVeStA?
» Just contact us! andrea.vandin@santannapisa.it
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Would you like to join the MultiVeStA family?

» Projects available

» As an exam for this course

» As starting points for Master projects?

» As starting points for longer collaborations!?
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THANK YOU FOR
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FEEDBACK?

JEDC Paper
https://www.sciencedirect.com/science/article/abs/pii/S0165188922001634

Tool and models available at:
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