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Abstract

Predicting the subsequent activity in the ongoing execution (trace) of a business process is a crucial
task in Predictive Process Monitoring (PPM). This capability enables analysts to intervene proactively
and prevent undesirable behaviors. This paper presents a PPM approach that integrates adversarial
training with Vision Transformers (ViTs) to enhance the accuracy of predicting the next activity in a
running process trace. This approach takes into account multi-view information that may be captured in
a process trace, treating them as distinct patches of an image. Attention modules are employed to reveal
explainable information about the different views of a business process and the trace events that could
influence the prediction. Additionally, to mitigate overfitting and improve accuracy, we investigate the
impact of adversarial ViT training. Experiments conducted on various benchmark event logs demonstrate
the effectiveness of the proposed approach compared to several state-of-the-art PPM techniques. Notably,
the explanations obtained through attention modules yield valuable insights.
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1. Introduction

Predictive Process Monitoring (PPM) is a burgeoning field focused on enhancing business
process efficiency and effectiveness through predictive analytics. By analyzing historical raw
event data, PPM systems can identify patterns and trends, providing valuable insights into the
key factors contributing to process inefliciencies and bottlenecks.

The use of deep learning in predictive modeling has become increasingly popular in PPM
systems, reflecting the broader trend of deep learning’s success across various domains. Specifi-
cally, several deep neural networks, such as Long Short-Term Memory (LSTM) networks [1],
(2], [3], [4], Convolutional Neural Networks (CNNs) [5], [6], Generative Adversarial Networks
(GANSs) [7], and Autoencoders [8], have recently contributed to improving the accuracy of PPM
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systems. This is due to their ability to learn accurate deep neural models, which in turn enable
proactive and corrective actions to enhance process performance and mitigate risks.

While the primary focus of PPM systems remains on delivering accurate predictions of future
states of running traces, there is a growing preference for predictive models that are easier
to explain in PPM applications. Recent studies [9, 10, 11, 12] have explored the application of
existing eXplainable AT (XAI) methods to elucidate opaque PPM models. However, the issue of
model explainability in the context of deep learning-based PPM systems remains under-explored.
In [13], we recently introduced a method called JARVIS [13] (Joining Adversarial tRaining with
VISion transformers in next-activity prediction), which combines Vision Transformers (ViT)
and Adversarial Training to achieve a balance between model accuracy and explainability.
Specifically, the model’s explainability is enhanced by the adoption of a ViT, a deep neural
architecture comprising multiple self-attention layers. An attention layer in deep learning is a
component that enables a neural network to concentrate on specific parts of the input data when
making predictions or decisions. It is inspired by the human visual system, which can selectively
focus on different parts of an image to understand it better. Therefore, multiple self-attentions
layers can provide an explanation of the model’s behavior in terms of the most informative inputs.
Adversarial training [14] is also employed to improve accuracy by incorporating perturbed
(i-e., adversarial) inputs into the training process, thereby mitigating overfitting and enhancing
generalization.

The paper is organized as follows. Preliminary concepts are reported in Section 2, while
the JARVIS approach is described in Section 3. The experimental setup and the results of the
evaluation of the proposed approach are illustrated in Sections 4. Finally, Section 5 recalls the
purpose of our research, draws conclusions, and illustrates possible future developments.

2. Preliminary concepts

A trace is a record of a business process that shows the stages of its execution through a sequence
of events. An event is a complex entity characterized by two essential components: the activity
and the timestamp (indicating when the activity occurred). Additionally, events may possess
optional characteristics, such as the resource responsible for the activity or the cost involved in
completing it. Consequently, each event is accompanied by two mandatory views, representing
the activity and the timestamp, as well as m optional views corresponding to other event
characteristics. Let A be the set of all activity names, S be the set of all trace identifiers, T be
the set of all timestamps, and V; be the set of all names in the j-th view, where 1 < j < m .

Definition 1 (Event). Given the event universe E = S X A X T x Vi X ... X Vy,, an event
ecisatuplee = (0,a,t,vy,...,vy) that represents the occurrence of activity a in trace o at
timestamp t with characteristics v, V2, . . ., Up.

Let us introduce the functions: 7s: £ — S such that 7g(e) = o, m4: £ — A such that
ma(e) = a, mr: €~ T such that 77 (e) = t and 7y, : £ = V; such that 7y, (e) = vj, where
j=1,...,m.



Definition 2 (Trace). Let £ denote the set of all possible sequences on €. A trace o is a sequence
o={(e1,€e2...,en) € E* sothat: (1)Vi=1,...,n,3e; € € suchthato(i) = e; ands(e;) = o,
and 2)Vi=1,...,n—1,m7(e;) < mr(eit1).

Definition 3 (Event log). Let B(E*) denote the set of all multisets over £. An event log L C
B(E*) is a multiset of traces.

Definition 4 (Prefix trace). A prefix trace o = (eq, ea,. .., ey) is the sub-sequence of a trace
o starting from the beginning of the trace o with 1 < k = |o*| < |o|.

A trace is a complete (i.e., started and ended) process instance, while a prefix trace is a process
instance in execution (also called running trace). The activity m4(ex+1) = ag1 corresponds to
the next-activity of 0¥, i.e., next(c¥) = ma(exs1) with epy1 = o(k + 1).

Definition 5 (Multiset of labeled prefix traces). Let L C B(E*) be an event log, P C
B(E* x A) is the multiset of all prefix traces extracted from traces recorded in L. Each pre-
fix trace is labeled with the next-activity associated to each prefix sequence in the corresponding
trace so that P = [o% ma(exi1)|c € LAL < k < |of].

Definition 6 (Single-view representation of a labeled prefix trace multiset). Let ) be a
view (either mandatory, ie, V = A orV = T, or optional, ie. V = V; with
j = 1,...,m), II: & + V* be a function such that TI(c*) = T({e1,ea,...,ex)) =
(my(e1), my(e2) ..., my(er)). Py denotes the multiset of the labeled prefix traces of P as they are
represented in the view V), that is, Py = {IIy(c%), ap1| (0", 7(exs1))) € P}.

Given the prefix o* of a longer trace o for which we do not know the actions in the rest
of the sequence (ex41,€x+2,- - -, €n), we can resort to machine learning techniques to learn
a function H: A* — A, from a labeled prefix trace multiset P, such that H (c") predicts the
expected next-activity ay 1. More specifically, we frame the next-activity prediction task as a
multi-class classification problem.

In this study, we represent the labeled multiset P as a collection of color image patches
that are given as input to a ViT architecture [15]. This approach allows us to leverage ViT’s
self-attention mechanism to capture complex relationships between different parts of the input
data. Moreover, we can simultaneously enhance the model’s explainability, as the self-attention
mechanism enables the model to focus on the most informative inputs.

3. JARVIS

The main phases of the JARVIS approach are described in the following. Specifically, Section
3.1 illustrates how the labeled prefix trace multiset P is extracted from the event log £ and
transformed into a set Z of multi-patch color images. Section 3.2 describes how Z is fed into a ViT
architecture that is trained with adversarial training to estimate parameters of a next-activity
prediction function H. Finally, Section 3.3 illustrates the extraction of the attention maps.



3.1. Multi-patch image encoding

This phase takes the event log £ as input and creates the multiset of multi-patch color images
7 as output.

According to the multi-view formulation introduced in Section 2, every event recorded in
L is a complex entity whose representation takes into account two mandatory characteristics
(activity A and timestamp 7°) and m optional characteristics (V1, Va, ..., Vi), respectively. The
timestamp information associated with an event is transformed in the time in seconds passed
from the beginning of the trace. In this study, every numerical characteristic is converted into a
categorical one by resorting to the equal-frequency discretization algorithm. The number of
discretization bins of a numeric characteristic is set equal to the average number of distinct
categories in the original categorical views of the event log. This ensures that the granularity
of the discretized variables is consistent with that of the other original categorical variables.
After this step, the event log £ contains all multi-view information in the categorical format.
We denote V the final set of m + 2 categorical views that characterize events recorded in the
pre-processed event log L.

Subsequently, the multiset P is created by extracting traces from £ and labeling them with
the next activity. As prefix traces in £ may vary in length, we employ a combination of padding
and windowing techniques to ensure uniformity in the length of the prefix traces in P. Let
AV G, be the average length of all the traces in £, the padding is used with a window length
equal to AV Gy, as in [3]. Prefix traces with length less than AV GG, are standardized by adding
dummy events. Prefix traces with length greater than AV G,, are standardized by retaining only
the most recent AV G, events. After this step, P comprises labeled prefix traces having fixed
size equal to AVG,.

The Continuous-Bag-of-Words (CBOW) architecture of the Word2Vec scheme [16] is then
used to transform the categorical representation of a prefix trace into a bidimensional, numeric
embedding representation. For each view V € V, a CBOW neural network, denoted by
CBOWY, is trained in order to convert each single-view sequence Iy (c*) € Py into an
AV G -sized numerical vector. Specifically, ITy,(c*) is converted into a bidimensional, numeric
embedding Py € RAVGoxAVGo with size AVG, x AVG,.

Finally, for each labeled prefix trace (c% axy1) € P, the list of its multi-

view, bidimensional, numeric embeddings Pa,Pr,...,Py,,..., Py, generated for
4 (c®), I3 (a®),ITy, (oF), ..., II}, (0%), respectively, are converted into the imagery color
patches Pffb, P;—g Y ,Pl{,gl;b, . ,Pffnb by mapping numeric values of bidimensional em-

beddings into RGB pixels. In particular, every imagery color patch P8P ¢ RAVGoxAVGox3

records the embedding of a prefix trace with respect to a view into a numerical tensor with
size AVG, x AVG, x 3. Let P be a bidimensional, numeric embedding, each numeric value
of v € P is converted into a RGB pixel v"8P € P8P by resorting to the RGB-like encod-
ing function adopted in [5]. The m + 2 color patches of a prefix trace are distributed into
a patch grid with size [v/m + 2] x [v/m + 2] from left to right, and from top to bottom.
Notice that every cell of the patch grid records a patch with size AVG, x AVG, x 3. In
this way, we are able to produce the color image a prefix trace, that is a tensor with size
([vVm+2] - AVGy) x ([Vm +2] - AVG,) X 3.

The generated multi-patch images are labeled as the corresponding prefix traces and added



to the labeled image multiset Z. The parameters of the ViT architecture are estimated through
the adversarial training strategy.

3.2. Adversarial Training

In this study, we use the popular state-of-the-art Fast Gradient Sign Method (FGSM) [17] to
generate adversarial images. It is a white-box gradient-based algorithm that finds the loss
to apply to an input image, in order to make decisions of a pre-trained neural model less
overfitted on a specific class. The pre-trained model is the ViT architecture described above
with parameters initially estimated on the original labeled images of Z. The FGSM algorithm is
based on the gradient formula: g(I) = V1J(0,1,y), where V1 denotes the gradient computed
with respect to the imagery sample x, and J (6, I, y) denotes the loss function of the ViT neural
model initially trained on the original training set Z. In theory, FGSM determines the minimum
perturbation € to add to a training image I to create an adversarial sample that maximizes the loss
function. According to this theory, given an input perturbation value ¢, for each labeled image
(I,y) € Z, anew image (Iygy,y) € Zady can be generated such that I, = I+ € - sign(g(I)).

As Z,qy is generated, parameters of the ViT architecture are finally estimated from the
adversarially-augmented training set Z U Z,4,,.

3.3. Extracting maps of attention

Once the ViT parameters have been estimated, the ViT model is used to decide on the next-
activity of any prefix trace. The Attention Rollout method [18] is used to extract the map of
attention of the decision of the ViT model on a single sample. Then, we derive a quantitative
indicator of the importance of events within patches by exploiting the lightness information
of attention maps. The lighter the pixel in the attention map, the higher the effect of the pixel
information enclosed in the image of the prefix trace on the ViT decision. Indeed, the generated
attention maps are represented in the RGB color space, which operates on three channels (red,
green, and blue) and does not provide information about lightness. Hence we transform the RGB
representation of attention maps into the LAB color space, which operates on three different
channels: the color lightness (L), the color ranges from green to red (A), and the color ranges
from blue to yellow (B). The transformation from the RGB space to the LAB space is performed
as follows [19]: L = 0.2126 - R+ 0.7152 - G + 0.0722 - B, A = 1.4749(0.2213 - R — 0.3390 -
G +0.1177 - B) + 128, and B = 0.6245(0.1949 - R + 0.6057 - G — 0.8006 - B) + 128.

4. Experiments

Section 4.1 describes the event logs used for evaluating the accuracy and explainability of
JARVIS and the experimental set-up. Section 4.2 describes the accuracy results, while Section
4.3 describes the explanation results.



4.1. Event logs and experimental set-up

We analyzed eight real-life event logs available on the 4TU Centre for Research.! For each event
log we performed a temporal split, dividing the log into training and testing traces. To achieve
this, we sorted the traces of each event log by their starting timestamps. The first two-thirds of
the sorted traces were chosen for training the predictive model, while the remaining one-third
was reserved for evaluating the model’s performance on unseen data.

4.2. Accuracy performance analysis

We evaluated the performance of JARVIS against the methods outlined in [3], [5], [10], [20]
and [21]. All methods, with the exception of [3], were initially tested by their respective
authors, who considered specific views of traces. Specifically, [5] and [10] were experimented
with activity, resource, and timestamp information, [20] was experimented with activity and
timestamp information, and [21] was experimented with activity information. To provide a fair
comparison, we ran these related methods by accounting for all views recorded in the considered
event logs. In fact, as the authors of the considered related methods made the code available, we
were able to run all the compared algorithms in the same experimental setting, thus performing
a safe comparison. We analyze the macro FScore and the macro GMean performances achieved.
Both the macro FScore and the macro GMean are well-known multi-class classification metrics
commonly used in imbalanced domains. Table 1 collects the macro FScore and the macro GMean
of both the considered related methods and JARVIS. These results show that JARVIS achieves
the highest FScore and GMean in five out of eight event logs, being the runner-up method in one
out of eight event logs. In addition, JARVIS always outperforms the two related methods using
an imagery encoding strategy [5, 20] except for BPI12W. Specifically, it always outperforms the
related method using a Transformer [21]. It commonly outperforms the related method using
the attention modules [10] except for the macro FScore in BPI12W, and both macro FScore and
macro GMean in BPI13l.

Table 1
Comparison between JARVIS and related methods defined in [3], [5], [10], [20] and [21] : macro FScore
and macro GMean. The best results are in bold, while the runner-up results are underlined.

FScore GMean
JARVIS [3] [5] [10] [20] [21] JARVIS [3] [5] [10] [20] [21]
BPI12W 0.667 0.737 0.692 0.673  0.673  0.661 0.820 0.847 0.828 0.792 0.819  0.825

Eventlog

BPI12WC 0.705 0.685 0.661 0.675 0.645  0.668 0.812 0.798 0.778 0.792 0.780  0.787

BPI12C 0.644 0.654  0.642 0.638 0.643  0.624 0.786 0.792  0.782 0.785 0.781 0.781

BPI13P 0.414 0.320 0.336  0.408  0.228  0.405 0.595 0.533  0.546  0.594 0.472  0.593

BPI13I 0.387 0.405 0.295 0.407 0.363  0.380 0.615 0.626 0.534 0.626  0.594  0.603

Receipt 0.525 0.455 0.409 0.471 0.302  0.383 0.733 0.676 0.646 0.702 0.563  0.620

BP1170 0.720 0.714 0.705 0.691 0.718 0.712 0.846 0.833 0.830 0.815 0.835  0.831

BPI20R 0.491 0.450  0.483  0.455 0.432 0.481 0.699 0.660  0.691 0.664  0.643  0.683

'https://data.4tu.nl/portal



Left map (“a2”)  Right map (“a4”)

S .

activity 91.56 120.00
. ‘ -.' resource 10.50 11.88
‘ .“ timestamp 15.81 19.43

‘

N

impact 69.56 45.00
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(b) Patch lightness per view

Figure 1: (a) Maps of attention of two prefix traces of BPI113P, which are correctly labeled with “a2”
(“Accepted-In Progress”) and “a4” (“Completed-Closed”), respectively. The maps are shown in the
luminosity channel of the LAB space. The numbers identify the names of the views in the event log: 1-
“activity”, 2-“resource”, 3-“timestamp”, 4-“impact”, 5-“org country”, 6-“org group, 7-“org role”, 8-“product”,
9-“resource country”. (b) Patch lightness measured for each view of BPI13P in the two maps of attention.

4.3. Explanation analysis

This analysis aimed to explore how intrinsic explanations enclosed in the attention maps
generated through the ViT model may provide useful insights to explain model decisions.
For example, Figure 1a shows the lightness channel of the attention maps extracted from
the ViT model trained by JARVIS on two prefix traces of BPI13P. These prefix traces were
correctly labeled with the next-activity “a2” (“Accepted-In Progress”) and “a4” (“Completed-
Closed”), respectively. Figure 1b reports the local patch lightness measured for each view in
the maps of attention shown in Figure 1a. These results show that the patch associated with
“activity" conveys the most relevant information for recognizing both “Accepted-In Progress”
and “Completed-Closed” as the next-activities of the two sample prefix traces. However, “impact"
and “org group" are the second and third most important views for the decision on the next-
activity “Accepted-In Progress”, while “org group” and “product” are the second and third most
important views for the decision on the next-activity “Completed-Closed”. Significantly, the
“product” view, which ranks among the top three for predicting the next activity “Completed-
Closed”, holds less importance when predicting the next activity “Accepted-In Progress”. This
analysis underscores the notion that distinct views may carry varying degrees of significance
depending on the specific decision being made.

Finally, we examine the global effect of different views by accounting for the patch lightness
computed for each view and averaged on all the prefix traces of the training set. Figure 2 shows
the heatmap of the average patch lightness computed on the training set in the event logs of this
study. This map shows which views have the higher global effect on ViT decisions. As expected,
the activity information is globally the most important information for ViT decisions in all
the event logs. However, this explanation information shows that the “product” information
is globally in the top-three ranked views in BPI13P, whereas “number of terms” and “action”
information are globally in the top-three ranked views in BPI170. Findings lend support to
the decision to develop a multi-view approach that does not solely rely on the standard views
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Figure 2: Heatmap of the global patch lightness computed for all views (axis X) in all event logs (axis Y).
“x” denotes that the view reported on the axis X is missing in the event log reported on the axis Y.

(activity, timestamp and resource). They demonstrate that the type of information most valuable
for predicting the next activity in each running trace may depend on the type of study process
of which the trace is an execution.

5. Conclusion

This paper introduces a Predictive Process Monitoring (PPM) approach designed to forecast the
subsequent activity in a sequence of events. The method employs an image-based representation
of multiple views of the event sequence. It employs a ViT architecture, which utilizes self-
attention modules to assign attention values to pairs of image patches, thereby capturing
relationships between different views of the process data. Moreover, the self-attention modules
allow for the integration of explainability into the model’s structure by providing insights into
specific views and events that influenced the predictions. The proposed approach is assessed
using various event logs, and the results illustrate its accuracy and the advantages of the
attention mechanism’s explanatory capabilities.
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