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An Example: The Case of Dr. M.
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Dr. M. Dr. M.

?r < 0

Dr. M.



The Case of Dr. M. Act 1: Consulting the Literature
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Between-Person (BP) correlation:

∅𝑩𝑷 = + 𝟎. 𝟑1

1Journal for BP Research, 2016. 



The Case of Dr. M. Act 1: Consulting the Literature
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?

Dr. M.

∅𝑾𝑷 =



The Case of Dr. M. Act 2: Running a WP Study
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Within-Person (WP) correlation (T = 210 days):

∅𝑾𝑷 = −. 𝟎𝟓

84%

80%



The Case of Dr. M. Act 2: Running a WP Study
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Within-Person (WP) correlation (T = 210 days):

∅𝑾𝑷 = + . 𝟎𝟓

85%

73%

∅𝑾𝑷 = + . 𝟎4

91%

79%

Semester break Semester
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Dr. M.

?

The Case of Dr. M. Act 2: Running a WP Study
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Dr. M. Dr. X.

If you want to 

understand causal 

mechanisms, make use 
of the time structure.

The Case of Dr. M. Act 3: Studying Lead-Lag Dynamics



⋯

The Case of Dr. M. Act 3: Studying Lead-Lag Dynamics
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Dynamic Within-Person (WP) Models:

∆𝑡= 24 hours

∆𝑡= 6 hours

⋯

Dr. M.

Dr. X.



⋯

The Case of Dr. M. Act 3: Studying Lead-Lag Dynamics
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Dynamic Within-Person (WP) Models:

0.5

0.6

-0.1

0

∆𝑡= 24 hours

0.84

0.88

- 0.04

0

∆𝑡= 6 hours

⋯

Dr. M.

Dr. X.



The Case of Dr. M. Act 3: Studying Lead-Lag Dynamics
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Dr. M. Dr. X.

-0.1 (p < .01) -0.04 (p > .01)

?



The Case of Dr. M. Act 4: Interventions
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Dr. M. Dr. X. Dr. Z.

“no causation without manipulation” 
(Holland, 1986, p. 959) 
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The Case of Dr. M. Act 4: Interventions
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The Case of Dr. M. Act 4: Interventions

Interventions and Time:

14



The Case of Dr. M. Act 4: Interventions

The end
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The Case of Dr. M.: A Summary
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 BP and WP effects, obtained from repeatedly assessing the same 
individual over time need not be the same.

 While dynamic (lead-lag) models help in the identification of causal 

mechanisms, results are difficult to interpret and compare without 
explicit reference to time.

 (WP) effects due to interventions are difficult to interpret and 
compare without considering the time course.

 While WP research eliminates the problem of heterogeneity across 
individuals, it introduces the problem of heterogeneity in time. 



Time: The Unknown Third Dimension?
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Part I. Another dimension, 

another scientific paradigm? 

Part II. Another dimension or 

another variable? 

Part III. Another dimension, many complexities?



The Goal
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Cognition

Emotion

Behavior

Christin Herrmann (May, 2016)

…is to understand the mechanisms of the human 
mind, brain, and behavior. 

Dr. M.



A Quick Note on Causality
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𝑌𝑖|𝑑=1 − 𝑌𝑖|𝑑=0

𝑃(𝑌 = 𝑦|𝑑𝑜 𝑥 )

𝐸 𝑌 𝑑𝑜 𝑥′ − 𝐸 𝑌 𝑑𝑜 𝑥′′

(Pearl, 2009; Holland, 1986, Halaby, 2004)

 Following Pearl (2009), I will define a causal effect as:

 Via 

this may be linked to Rubin’s model for causal inference.  

 While the link to inference is obvious, note the difference in in the 

definition

 However, in this presentation a pragmatic approach to causality is 

taken, with potential differences between theoretical approaches 

being irrelevant to all main arguments.



Another dimension, another scientific 

paradigm? 
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Another dimension, another scientific paradigm?1.

1. The statistical perspective: 

 Usually ∅𝐵𝑃 ≠ ∅𝑊𝑃

∅𝐵𝑃 = +0.3 vs. ∅𝑊𝑃 = −0.05

 Usually BP models will differ from WP models:

Reported 

nervousness

Anxiety

Trembling
Sweating 

(GSR)

ε2ε1 ε3

Reported 

nervousness

Anxiety

Trembling
Sweating 

(GSR)

ε2ε1 ε3

One time-point One person

t = 1

T
…

i = 1

N

… ≠
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1. The statistical perspective: 

 In case of a saturated model, unconditional structural equivalence 

(“ergodicity”) is given if  

for all possible combinations of t and i (e.g., with 𝛉𝑖 = {𝛍𝑖, 𝚺𝑖} 

and 𝛉𝑡 = {𝛍𝑡, 𝚺𝑡})

𝛉𝑖 = 𝛉𝑡

Another dimension, another scientific paradigm?1.

Homogeneity Stationarity

Molenaar (2004). Measurement.
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1. The statistical perspective: 

Current Directions in Psychological Research (2009)

Another dimension, another scientific paradigm?1.

„only under very strict conditions—which are hardly obtained in real 

psychological processes—can a generalization be made from a 

structure of interindividual variation to the analogous structure of 

intraindividual variation”. (Molenaar,  2004, p. 201)
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2. The causal perspective: 

 Common causes (what leads to “ergodicity”)?

 Unique causes (what destroys “ergodicity”)?

Homogeneity Stationarity

Person Time

 What caused the data?

𝛉𝑖 = 𝛉𝑡𝑃𝜃𝑖
𝑌 = 𝑦 𝑑𝑜 𝑥 = 𝑃𝜃𝑡

𝑌 = 𝑦 𝑑𝑜 𝑥

Another dimension, another scientific paradigm?1.
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3. The concept of conditional (BP/WP) equivalence: 

𝛉𝑖𝑐|𝛉𝑖𝑢 = 𝛉𝑡𝑐|𝛉𝑡𝑢

Common

Unique

Another dimension, another scientific paradigm?1.

Voelkle, Brose, Schmiedek, & Lindenberger (2014). Multivariate Behavioral Research.



26

3. The concept of conditional (BP/WP) equivalence: 

Voelkle, Oud, von Oertzen, & Lindenberger (2012). Structural Equation Modeling.

Another dimension, another scientific paradigm?1.

Statistical basis: Conditional 

equivalence comparisons by means of 

likelihood ratio tests Proof of concept using simulated data 

Empirical application using data from the 

COGITO study

Perceived ergodicity and decision 

making

Voelkle, Brose, Schmiedek, & Lindenberger (2014). Multivariate Behavioral Research.



Another Dimension or Another Variable? 
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Another Dimension or Another Variable?2.
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Another Dimension or Another Variable?2.

Longitudinal “…although time is 

inextricably linked to the 

concept of development, in 

itself it cannot explain any 

aspect of developmental 

change…. 

Time, rather like the theatrical 

stage upon which the 

processes of development 

are played out, provides a 

necessary base upon which 

the description, explanation, 

and modification of 

development proceed.”

(Baltes et al. 1988, p. 108)
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Another Dimension or Another Variable?2.



Xt1 Xt2

Yt1 Yt2

…∆𝑡 = 2

Researcher 2:

Xt1 Xt2

Yt1 Yt2

…

0.64

0.89

∆𝑡 = 1

0.80

0.41

Researcher 1:
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Another Dimension or Another Variable?2.



 (Latent) Cross-Lagged Panel Designs With Different Intervals:
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Another Dimension or Another Variable?2.



 The Problem:
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 The Solution:

𝛈𝑢 = 𝐀𝛈𝑢−1 + 𝐛𝑢 + 𝐌𝐱𝑢 + 𝛇𝑢

d𝛈(𝑡) = 𝐀𝛈 𝑡 + 𝐛 + 𝐌𝐱(𝑡) d𝑡 + 𝐆d𝐖(𝑡)

Continuous Time Models

Another Dimension or Another Variable?2.
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A Super-Quick Introduction to CT Models2.

Voelkle, Oud, Davidov, & Schmidt (2012). Psychological Methods.



1. The complete discrete time model:

2. Take the derivative with respect to time:

3. Solve (2) for initial time point and given time interval:

4. Impose constraints between discrete and continuous time parameters

35

A Super-Quick Introduction to CT Models2.



5. Put (e.g.) into SEM format with:

6. Estimate parameters (e.g. via ML):

𝐿𝐿 =
−𝑁𝑚

2
log 2π −

𝑁

2
log 𝚺 −

1

2
σ𝑖=1

𝑁 (𝒚𝑖 − 𝛍)′ 𝚺−1(𝒚𝑖 − 𝛍)

𝜻′ = ([𝒙(𝑡0) − 𝝁𝒙(𝑡0)]′ [𝒘(𝑡1−𝛥𝑡1)]′ [𝒘(𝑡𝑖−𝛥𝑡𝑖)]′ ⋯  𝒘(𝑡𝑖=𝑇−𝛥𝑡𝑖=𝑇) ′ 1)′ 

𝛈′ = (𝐱(𝑡0)′ 𝐱(𝑡1)′ 𝐱(𝑡𝑖)′ ⋯ 𝐱(𝑡𝑖=𝑇)′ 1)′ 

𝚩 =

 

 
 
 

𝟎 𝟎 … 𝟎 𝟎 𝛍𝐱(𝑡0)

e𝐀∙Δ𝑡1 𝟎 𝟎 𝟎 𝐀−1 e𝐀∙Δ𝑡1 − 𝐈 𝐛

𝟎  e𝐀∙Δ𝑡𝑖 𝟎 𝟎 𝐀−1 e𝐀∙Δ𝑡𝑖 − 𝐈 𝐛

⋮ ⋱
𝟎 𝟎 e𝐀∙Δ𝑡𝑖=𝑇 𝟎 𝐀−1 e𝐀∙Δ𝑡𝑖=𝑇 − 𝐈 𝐛
𝟎 𝟎 ⋯ 𝟎 𝟎 0  

 
 
 

 𝚿 =

 

 
 
 
 

𝚽𝐱(𝑡0)

𝟎 𝐐Δ𝑡1

𝟎 𝟎 𝐐Δ𝑡𝑖

⋮ ⋱
𝟎 𝟎 𝟎 𝐐Δ𝑡𝑖=𝑇

𝟎 𝟎 𝟎 𝟎 1  

 
 
 
 

 

representing the usual measurement equation, and

with

36

A Super-Quick Introduction to CT Models2.



Voelkle, Oud, Davidov, & Schmidt (2012). Psychological Methods.

A Super-Quick Introduction to CT Models2.

37



 To deal with the math behind continuous time modeling, we 

developed ctsem:

38Driver, Oud, & Voelkle (in press). Journal of Statistical Software.

A Super-Quick Introduction to CT Models2.



Output: Continuous time parameter estimates & standard errors

Drift matrix

Y -> X
Y

X -> Y
X

39

A Super-Quick Introduction to CT Models2.



Plots: Autoregressive and cross-lagged parameters
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−0.447 0.232
0.043 −0.117

e𝐀∙Δ𝑡𝑖 = e𝐀∙1 =
0.643 0.176
0.033 0.893

e𝐀∙Δ𝑡𝑖 = e𝐀∙2 =
0.419 0.271
0.050 0.804
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A Super-Quick Introduction to CT Models2.

Empirical_Example/Plot_AR_CL_Means.R
Empirical_Example/Plot_AR_CL_Means.R


The Potential of CT Models

41

2.

Continuous time models resolve the problem of unequal time 

intervals, 

and….
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…permit the analysis of panel models, N = 1 time series (dynamic 

factor models), and the integration of BP and WP models

The Potential of CT Models2.
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…comprise latent change scores models as a special case

Voelkle & Oud (2015). Structural Equation Modeling.

The Potential of CT Models2.



44

…permit the estimation of oscillating and/or higher order (coupled) 

processes

Voelkle & Oud (2013). BJMSP.

D
V

Time

The Potential of CT Models2.



Dorman & Griffith (2015). Psychological Methods. 45

D
V

Time

…may help in improving study designs by optimizing sampling and 

identifying “optimal lags” (Dormann, 2015, p. 597)

The Potential of CT Models2.



Oud & Voelkle (2013) Quality & Quantity 46Time

D
V

…may help in improving study designs by optimizing sampling and 

identifying “optimal lags”

The Potential of CT Models2.



47Time

D
V

…may help in improving study designs by optimizing sampling and 

identifying “optimal lags”

Oud & Voelkle (2013) Quality & Quantity

The Potential of CT Models2.
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D
V

…offers new perspectives on missing values (which “do not exist”) 

in continuous time

Oud & Voelkle (2013) Quality & Quantity

The Potential of CT Models2.
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…permits various extensions, including time-varying and time-

invariant predictors and random effects (“traits)

d𝛈(𝑡) = 𝐀𝛈 𝑡 + 𝐛 + 𝐌𝐱(𝑡) d𝑡 + 𝐆d𝐖(𝑡)

Hamaker (2015). Psychological Methods; Voelkle (2015). Science.

The Potential of CT Models2.
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…is currently being extended to a fully hierarchical Bayesian 

approach by means of rstan

Driver & Voelkle (in prep.)

The Potential of CT Models2.
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…is related to Gaussian Process Panel (GPPM) models, 

which provides additional flexibility, e.g. in the choice of 

kernel function and person specific predictions  

Smoothness Model AR(1) Model

Karch (submitted)

The Potential of CT Models2.



Another Dimension, Many Complexities? 
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Another Dimension, Many Complexities?3.

 Yes…as we get more familiar with the unknown third dimension, 

the loose ends become obvious.

 We may distinguish between statistical and conceptual

problems and opportunities.
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Another Dimension, Many Complexities?3.

1. Statistical problems and opportunities:

A) Computational limitations with respect to the number of 

individuals, time points, and variables/processes.

Borsboom et al. (2011) Bringmann et al. (2015)

BDI-II Network (21 nodes, N = 182, T ≈ 14)
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Another Dimension, Many Complexities?3.

1. Statistical problems and opportunities:

B) Better approaches to control or observed and unobserved 

heterogeneity across individuals and time

Adolf (under revision)



56

Another Dimension, Many Complexities?3.

2. Conceptual problems and opportunities:

A) We need to reconsider traditional approaches to mediation analysis 

from a continuous time perspective

Deboeck & Preacher (2016). Structural Equation Modeling.
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Another Dimension, Many Complexities?3.

2. Conceptual problems and opportunities:

B) Need to better connect continuous time approaches to established 

frameworks of causal inference (e.g., DAGs)

Pearl (2000); Gische (2016)

doing

seeing

vs.



So…where to go from here? An Outlook



An Outlook

59

3.

…on (the future of) studying the mechanisms of the human, mind, 
brain, and behavior 

cognition

cognition behavior

emotionbehavior

emotion



An Outlook

1. Cast theories in terms of dynamic models:

time

⋯

χ𝑖(𝑡) 𝜉𝑖

𝑊𝑖

60

3.



An Outlook

𝐀(Δ𝑡 = 1) =
+0.6 ±0.0 +0.4
−0.2 +0.7 +0.4
−0.3 −0.2 +0.5

1. Cast theories in terms of dynamic models:

= “thinking healthy” (cognition)

= “being happy” (affective experience)

= “eating unhealthy” (behavior) 61

3.

d𝛈(𝑡) = 𝐀𝛈 𝑡 + 𝐛 + 𝐌𝐱(𝑡) d𝑡 + 𝐆d𝐖(𝑡)



An Outlook

time

2. Optimize the (sampling) design to yield maximum information about 
the presumed dynamic mechanisms:

62

3.
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An Outlook

3. Estimate (and understand!) the underlying continuous time dynamics:
c
ro
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3.



An Outlook

4. Study the causal nature of the system:

time

⋯

do(x) see(x)≠

64

3.
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An Outlook

5. Develop targeted interventions based on the entire system:
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3.



An Outlook

6. Develop targeted interventions to change the system:
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3.
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An Outlook

7. Anticipate the effect of targeted interventions based on an altered
system:
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3.



Summary
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Part I. Another dimension, another scientific paradigm? 

Part II. Another dimension or another variable? 

Part III. Another dimension, many complexities?

maybe…

it depends…

yes!



The Goal

69

Cognition

Emotion

Behavior

Christin Herrmann (May, 2016)

…is to understand the mechanisms of the human 
mind, brain, and behavior. 

Dr. M.



manuel.voelkle@hu-berlin.de

Thank you very much for your attention!


