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Abstract. Business process mining algorithms discover processes from event
logs that record sequences of events or actions. Typical event logs may or may
not contain information about the attributes of the actions, such as the particular
workstations used to carry out an action or the identity of the person performing
the action. In this paper, we test the effect of action attributes on action sequence
using data from electronic medical records at five dermatology clinics. We
demonstrate that action sequence is influenced by attributes such as actors (who
does what) and workstations (what is done where) that are not typically consid-
ered relevant to process flow control. We introduce a new metric -- attribute
alignment -- that summarizes the extent to which actions are carried out with the
same attributes throughout a process instance. If each action is always performed
with the same attributes, attribute alignment is 100%. We discuss the implications
and limitations of this finding for research and practice.

Keywords: Attribute Alignment, Action Sequence, Electronic Medical Rec-

ords.

1 Introduction

In process mining [1,2,3], processes are discovered from event logs that contain a
stream of time-stamped actions or events [1,4]. In a standard XES event log [5], actions
may be associated with a set of attributes, such as an actor, machine, or location, but
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the discovered process is represented in terms of the actions. This makes sense because
a process is a coherent, chronological sequence of interdependent events or actions
[1,4,6].

In this paper, we investigate the effects of attributes such as actor and location on
observed sequences of action in dermatology clinics. Using data from five dermatology
clinics at the University of Rochester Medical Center (URMC), we examine the effects
of attribute alignment on the sequences of action in clinical record keeping. Attribute
alignment is a new construct that indicates the extent to which particular actions are
consistently performed by the same actor in the same location. Here, we use attribute
alignment as an indicator of the extent to which organizational roles (who does what)
are consistently defined and carried out. When alignment is low, anyone can do any-
thing, anywhere.

Contrary to our expectations, we find that attribute alignment has a stronger effect
on action sequence than the clinic organization or the service performed in the particu-
lar visit. We use this finding as a basis for theorizing about how attributes can influence
organizational processes.

While the contribution of the findings we report here is primarily theoretical, this
research has an important practical motivation: the increasing cost and complexity of
healthcare. This paper is part of a three-year research project that seeks to identify the
antecedents of complexity in healthcare routines (NSF SES-1734237). Among other
things, the research examines managerial factors such as clinical roles and organization.
Preliminary results indicate that differences in how clinical roles are defined has a sig-
nificant effect on process complexity [24]. In particular, clinics with “team document-
ers” (nursing staff who are responsible for maintaining patient records) have lower
complexity than clinics where that responsibility is shared). Here, we dive into the un-
derlying mechanisms that may help explain this phenomenon.

2 Theory

Research on organizational processes and routines naturally tends to focus on actions
and patterns of action, because processes are described and defined in this way [6]. The
focus is on the actions. In this section, we consider how the business process manage-
ment incorporates (or excludes) context and attributes.

2.1  Layers of context in business process management (BPM)

In the BPM literature, there is interest in the role of context and in context-aware pro-
cesses [8-13]. To help sort out the effect of context, Rosemann, Recker, and Flender
[10] offer the “onion model”, which consists of four layers of context: immediate, in-
ternal, external, and environmental.

Layers of the contextual onion tend to have different time scales relative to the cycle
time of the focal process. Inner layers vary more quickly, while outer layers vary more
slowly. Action attributes from the XES event log, such as the specific actor or work-
station associated with an action, can be thought of as part of the immediate context of



process execution [10]. Because action attributes (such as actor or workstation) can
potentially vary with each action, immediate context can vary the fastest. The internal
context of a process might include the sequential relationship of actions within a se-
quence, as in [11]. Because internal context is relative to other parts of a process, it can
also vary during each process instance (i.e., during each patient visit). In contrast, ex-
ternal context might vary by weekday/weekend, and environmental context might vary
by time of year. External and environmental context tend to remain constant during any
single process instance.

There is increasing interest in the analysis and design of context-aware processes
[8,11]. The effects of external and environmental context on process execution can be
conceptualized and modeled using flow-control variables. For example, the execution
of a car rental process may be based on location (airport vs. city pickup), season (winter
vs. summer), and other contextual factors. Generally speaking, however, immediate
contextual attributes such as who is performing an action, or which workstation is being
used, are not considered relevant to flow control. These contextual details may or may
not be present in the event log, and may not be included in the process model. The result
is an action-only model that conforms the conceptual definition of a process [ 1,4,6], but
leaves out the immediate context of process execution.

2.2 Task Design: Task qua task

Action-only models are entirely consistent with research on task design, where tasks
are defined separately from the actor performing the task [14,15,16]. The phrase task
qua task refers to the abstract idea of the task, separate from the execution of the task
[16]. Research in this tradition advocates separating task from context as an explicit
methodological principle [16] to avoid conflating properties of the task with properties
of the people performing the task.

2.3 Action in context

In contrast to the action-only approach, there are well established research traditions
that emphasize the importance of context in the definition and interpretation of actions.
For example, the pragmatic force of speech acts [17,18] always depends on context.
Expressions such as “here” and “now” mean something different depending on where
and when they are uttered. More recently, theories of situated action [19, 20] make a
strong argument for the importance of understanding the immediate context of an ac-
tion. This leads us to expect that action attributes should not be overlooked when ana-
lyzing patterns of action.

In summary, there are theoretical reasons to expect that immediate context matters,
but established theory in task design and current process mining methods generally do
not consider action attributes when describing a process or a task.



3 Investigating the effect of attributes on action sequence

Event log data from an electronic medical record system provides an opportunity to
explore the effects of immediate context empirically. We are particularly interested in
understanding how action attributes, such as actors and locations, might influence the
sequence of action in clinical work. To address this question, we need simple indicators
that can be computed and compared using event logs with millions of observations. In
the analysis that follows, we operationalize each of these constructs at the level of the
process instance (one patient visit to one of the dermatology clinics).

Operationalizing action sequence. The most basic unit of sequential information is
the 2-gram. In our usage, 2-grams represent pairs of sequentially adjacent actions in an
event log. The number of unique 2-grams in a corpus of sequential data, such as a pa-
tient visit, is an indicator of how much sequential variety is present. If there are more
unique 2-grams, there is more variety. Note that in principle, the number of unique 2-
grams is independent of sequence length, because a sequence could consist of a single
2-gram repeated many times: a, a, a, a, a, a, a. In practice, we expect that longer se-
quences will have a larger number of unique 2-grams because greater length provides
greater opportunity for variation. In the analysis that follows, the dependent variable is
the number of unique 2-grams observed in an action sequence.

Operationalizing attributes. To operationalize the role of attributes, we introduce a
new construct that we call attribute alignment. It expresses the extent to which attributes
add information to the description of an action. If the same actor always does the same
action at the same workstation, then attribute alignment = 1. In this idealized case,
knowing the action (or the actor, or the location) would give perfect information about
the other attributes. The other attributes would be irrelevant.

In contrast, if multiple actors can perform a given action in multiple locations, then
attribute alignment is low. Knowing the action does not determine the actor or the lo-
cation (or vice versa). Attribute alignment provides a single number that encompasses
the diversity of attributes associated with each action. The more diversity of attributes
observed, the lower the alignment. Attribute alignment can be computed as follows:

Attribute Allgnment Numb-er ofun-ique ac-tions (1)
Number of unique action-attribute n-tuples

In the data we analyze here, we computed attribute alignment using action, role and
workstation. To gain intuition for how this index works, consider a hypothetical exam-
ple with three actions, three roles and three workstations. In the perfect alignment case,
each unique action is performed by a single role at a specific workstation. The attribute
alignment would be the maximum (1.0). In the low alignment case, there might be 27
distinct combinations of action-role-workstation (3 x 3 x 3). In that case, the alignment
would be 3/27=0.11.

Using these constructs, we can state a simple null hypothesis that we test in the fol-
lowing sections. We state this hypothesis in terms of correlation, rather than causality,



because the constructs are operationalized within each process instance, so we cannot
establish a definitive causal direction.

Ho: Attribute alignment is not correlated with action sequence.

This hypothesis reflects the idea that action sequences should be independent of the
immediate context of task performance [§] and the influence of non-control flow vari-
ables. Stated in more theoretical terms, it reflects the idea that the fask qua task exists
independently of the actors performing the task and other attributes in the immediate
context.

4 Methodology

4.1 Source of data

Data was extracted from the EPIC Electronic Medical Record (EMR) audit trail at the
University of Rochester Medical Center (URMC). This data traces actions in the EMR
record keeping process. The data included two full years of patient visits from five
dermatology clinics (over 7.7 million time-stamped records that provide a trace of ac-
tions for 57,836 patient visits, from January 2016 through December 2017). Descriptive
features of the data are shown in Table 2 (below).

4.2  Example of data

Table 1 provides an example of the data from the first five minutes of one visit. In
addition to the time-stamped action, it contains a number of contextual factors: the role
(e.g., admin tech), the workstation, the diagnosis and clinic ID. The role and work-
station can be interpreted as immediate context. Note that some actions (e.g.,
MR _REPORTYS) can be performed by any role at any workstation, so the attribute
alignment for this visit will be less than perfect. The rows in Table 1 are shaded to show
how the immediate contextual factors change throughout a visit, even at the level of
individual actions. In contrast, Diagnosis and Clinic ID could be interpreted as external
contextual factors. They remain the same throughout the visit.

4.3 Measurement of variables

Unique 2-grams. The dependent variable in our analysis is the number of unigue pairs
of sequentially adjacent actions in a patient visit. To count unique 2-grams, we treated
each patient visit as a sequence of actions. We identified 2-grams in each visit using the
R package n-gram. We then counted the number of 2-grams that are unique. In any
given visit, some 2-grams appear more than once, so the number of unique 2-grams is
always lower than the length of the sequence.



Table 1. Example data

Work- Clinic
Time Action Role Station  Diagnosis ID
2/2/15 8:53 CHECKIN TIME Admin Tech W1 Neoplasm A
2/2/15 8:53 MR_SNAPSHOT Admin Tech W1 Neoplasm A
2/2/15 8:53 MR_REPORTS Admin Tech W1 Neoplasm A
2/2/15 8:53 MR_SNAPSHOT Admin Tech W1 Neoplasm A
2/2/15 8:53 MR_REPORTS Admin Tech W1 Neoplasm A
2/2/15 8:55 MR_SNAPSHOT Admin Tech W1 Neoplasm A
2/2/15 8:55 MR_REPORTS Admin Tech W1 Neoplasm A
2/2/15 8:56 MR_SNAPSHOT Admin Tech W1 Neoplasm A
2/2/15 8:56 MR_REPORTS Admin Tech W1 Neoplasm A
AC_VISIT_NAVIGAT
2/2/15 8:56 OR Lic.Nurse W3 Neoplasm A
2/2/15 8:56 MR_HISTORIES Lic.Nurse W3 Neoplasm A
MR_ENC_ENCOUNTE
2/2/15 8:56 R Lic.Nurse W3 Neoplasm A
2/2/15 8:56 MR_VN_VITALS Lic.Nurse W3 Neoplasm A
2/2/15 8:56 MR_REPORTS Lic.Nurse W3 Neoplasm A
2/2/15 8:56 FLOWSHEET Lic.Nurse W3 Neoplasm A
MR_VN_CHIEF_COM
2/2/15 8:56 PLAINT Lic.Nurse W3 Neoplasm A
2/2/15 8:56 MR_REPORTS Lic.Nurse W3 Neoplasm A
2/2/15 8:56 MR_SNAPSHOT Lic.Nurse W3 Neoplasm A
2/2/15 8:56 MR_REPORTS Lic.Nurse W3 Neoplasm A
2/2/15 8:57 MR_REPORTS Admin Tech W1 Neoplasm A
2/2/15 8:57 MR_SNAPSHOT Admin Tech W1 Neoplasm A
2/2/15 8:58 MR_REPORTS Lic.Nurse w2 Neoplasm A
AC_VISIT_NAVIGAT
2/2/15 8:58 OR Lic.Nurse w2 Neoplasm A
MR_ENC_ENCOUNTE
2/2/15 8:58 R Lic.Nurse w2 Neoplasm A
2/2/15 8:58 MR_HISTORIES Lic.Nurse w2 Neoplasm A
2/2/15 8:58 MR_REPORTS Lic.Nurse w2 Neoplasm A
2/2/15 8:58 MR_VN_VITALS Lic.Nurse W2 Neoplasm A
2/2/15 8:58 FLOWSHEET Lic.Nurse w2 Neoplasm A
2/2/15 8:58 MR_REPORTS Physician W4 Neoplasm A
2/2/15 8:58 MR_VN_VITALS Lic.Nurse W2 Neoplasm A
2/2/15 8:58 MR_HISTORIES Lic.Nurse w2 Neoplasm A
A

2/2/15 8:58 MR_HISTORIES Lic.Nurse w2 Neoplasm

Attribute Alignment. Attribute alignment is the number of unique actions in a visit
divided by the number of unique action-role-workstation 3-tuples in the same visit.
Each quantity is counted for each visit, so each visit has a value for attribute alignment.

Control variables. We also control for a number of other factors that we expect to
influence action sequences in the clinical record-keeping process.



e Length of sequence. Visits with more actions are likely to have more unique
pairs of action, so we control for visit sequence length.

e (linic ID. We know that each clinic has somewhat different procedures, so
we include a dummy variable for Clinic.

o Level of service. The Level of Service is a measure of the complexity of the
service provided to the patient. It is used for billing and insurance, so it is
based on auditable, objective factors about the patient visit.

e Number of procedures. This is the number of medical procedures per-
formed during the visit. A typical procedure in a dermatology clinic would
be freezing a wart.

e Number of actions. Number of distinct actions during the visit. In the data
set as a whole, there are 300 possible actions.

e Number of roles. Number of distinct actions during the visit. In the data set
as a whole, there are 8 roles.

e Number of workstations. Number of distinct workstations during the visit.
Across all four clinics, there were 118 workstations.

Table 2. Descriptive Statistics

Variables N Mean St. Dev.
Unique 2-grams 57,784 89.27 23.75
Length of Sequence 57,784 133.75 45.00
Level of Service 55,294 3.05 0.38
Number of Actions 57,784 36.70 7.64
Number of Roles 57,784 3.33 1.01
Number of Workstations 57,784 4.30 1.45
Number Procedures 57,784 0.67 1.29
Attribute Alignment 57,784 0.65 0.11

5 Findings

Table 3 shows the results of four regression models. In each model, the number of
unique 2-grams is the dependent variable. To correct for heteroskedasticity, we ran our
analysis with robust standard error. Due to the large sample size, all of the effects are
statistically significant. To facilitate interpretation of the results, we report standardized
coefficients and introduce the variables in groups. Note that our findings do not depend
on whether the incremental R? from one model to the next is significant. Rather, we are
interested in the relative size of the effects in the full model, as indicated by the magni-
tude of the standardized coefficients in model (4). In particular, we are concerned with
the effect of attribute alignment, after controlling for everything else.

Model (1) shows the effect of attribute alignment, controlling for the length of the
sequence. As expected, the length of the visit sequence is the dominant effect on the
number of distinct 2-grams. The length of the visit alone accounts for 88% of the



variance (adjusted R? = 0.887). Longer visits have many more unique 2-grams than
short visits. Together with attribute alignment, the length of the visit accounts for nearly
90% of the variance in the number of unique 2-grams.

Table 3. Number of Unique 2-grams per visit (standardized coefficients)

Variables (1) ) 3) )

Intercept 0.000 ***  0.000 ***  0.000 *** 0,000 ***
(0.376) (0.415) (0.480) (0.403)

Attribute Alignment 101 *T -0.008 ¥¥x 0,098 ¥xx 0,171 v
(0.418) (0.444) (0.458) (0.388)

Length of Sequence 0873 ™% 087314 0.870 xxx 0,690 ¥+
(0.001) (0.001) (0.001) (0.001)

Clinic 1 0.011 #*%*% 0014 **% 0,006 ***
(0.218) (0.230) (0.180)

Clinic 2 0.009 **% 0,016 *** 0,007 ***
(0.116) (0.121) (0.096)

Clinic 3 0.010 #*#* 0019 ***  (,02] ***
(0.099) (0.103) (0.082)

Clinic 4 0.012 %% 0,020 *** 0,012 ***

(0.103) (0.107) (0.089)
-0.006 **% 0,008 ***

(0.089) (0.069)
0.008 #*% 0,001 ***

(0.026) (0.020)

Level of Service

# of Procedures

) 0.282 *#*
# of Actions (0.005)
-0.007 ***
# of Roles (0.032)
) -0.070 ***
# of Workstations (0.026)
R? 0.892 0.892 0.892 0.934
Adjusted R? 0.892 0.892 0.892 0.934

* p <0.05, ** p<0.01, *** p <0.001

Model (2) controls for the effect of clinic organization and work practices by adding
dummy variables for each clinic. We know that some clinics had dedicated staff that
enter EMR data. In other clinics, residents and physicians do more of the recordkeeping
work. As expected, clinic organization has a significant impact on action sequence.

Model (3) controls for the effect of the medical work as indicated by the level of
service and the number of procedures. Some clinical visits are simple follow-ups to
check if a condition is improving. Other clinical visits involve multiple procedures and
tests. These effects are statistically significant, but the magnitude is quite small. This
appears to be because the recordkeeping work is not directly proportional to the actual
clinical work.



Model (4) controls for the number of actions, roles and workstations observed in
each visit, in addition to all of the prior effects. We add these controls to check if the
mere number of actions, roles or workstations can account for the effect of attribute
alignment. As expected, visits with more actions have more unique pairs of actions.
Interestingly, visits with more roles and workstations have slightly fewer unique pairs
of actions.

Across all of these models, we find a common result: as the attribute alignment goes
down, the number of unique 2-grams increases. In other words, in visits where the at-
tribute alignment is lower, the variation in sequence is higher. We have checked this
result in many different ways (adding and removing other control variables, and aggre-
gating the data in various ways). The result is robust. This leads us to reject the null
hypothesis that action attributes do not affect action sequences.

6 Discussion

Who does what, and where they do it, has a substantial effect on the sequence of actions
in these dermatology clinics. When clinical record keeping is carried out with greater
alignment, it has less sequence variety. When alignment is lower, there is more se-
quence variety. After controlling for sequence length, attribute alignment is the single
largest influence on sequence variety. Its effect is larger than clinic organization or the
complexity of the work.

This finding is interesting because the dependent variable -- the number of unique
pairs of actions -- is based only on the sequences of actions, regardless of who performs
them or where they are performed. This leads us to suspect that the idealized task qua
task [21], independent of who and where it is performed, does not exist in these derma-
tology clinics.

The influence of workstation is interesting because when a user logs in to the EPIC
system, the screen is configured for that user. From the point of view of the users, every
workstation is identical. Thus, we interpret the workstation as indicating the location of
the work (e.g., in the examination room, at the nurses’ station in the hall, in the front
office, etc.). However, although personalization of user interface makes the workstation
digitally identical, the effect of workstation may not be surprising because the physical
environment of hospital could determine its influence. A busy hallway is different than
a private office. Of course, these contextual differences are not generally conceptual-
ized as relevant to process execution, but our study suggests that they can be.

The implication is that taking a particular action (e.g., check _meds) takes on a dif-
ferent meaning depending on who performs it and where it is performed. The office
staff can check _meds at the workstation in the front office. This might be in response
to a patient question (e.g., can I refill this prescription?). This might occur as the patient
is checking in or checking out. Alternatively, a nurse, resident or doctor might
check_meds in the examination room, or outside the examination room, in order to con-
firm the dosage, look for conflicts, or write a new prescription. The point is obvious
once we point it out: When the physician checks the patient’s medication, it has a



different significance than when the office staff does so. It looks like the same action
in the event log, but it is not, because the immediate context is different.

6.1  Why do action attributes influence action sequence?

Intuitively, we did not expect action attributes and immediate context to influence ac-
tion sequence. We expected that the structure of the work would determine the sequence
of actions in the event log. In retrospect, we realize the error in our thinking: the “ac-
tions” in the event log are not fully defined by the action code. The logic here is simple.
If check meds(physican, exam room) is different than check meds(staff, front office),
then the lexicon of actions in the real work is larger than the lexicon of actions in the
event log. If the lexicon is larger, the number of unique 2-grams could be larger, as
well. By omitting aspects of the immediate context, we are masking valid signals about
the nature of the work.

6.2  Including attributes in the definition of actions

Abstracting away contextual details can produce cleaner, more general models, but our
findings suggest that this may be a mistake in some cases. Rather than suppressing the
immediate context, perhaps we should find ways to include it in our models?

Towards that end, Pentland et al. introduced ThreadNet, a simple tool for visualizing
and analyzing routines and processes [22,23]. ThreadNet is an R package that can be
downloaded from GitHub (https://github.com/ThreadNet/ThreadNet). ThreadNet pro-
vides a convenient interface for defining nodes in the graph in terms of any number of
attributes. Thus, action attributes become part of the model. When attribute alignment
is low, this does tend to result in a proliferation of nodes. However, our results here
indicate that the additional complexity may provide empirical insights that an action-
only perspective would miss. For example, a process model that includes roles and
workstations may help us understand the effect of clinic organization on outcomes such
as process complexity and patient satisfaction [24].

6.3 Limitations

This is, in effect, a case study of EMR record-keeping in five dermatology clinics, all
operating in the same hospital network. Thus, we should not over-generalize from these
findings. In other contexts, the sequential structure of the task qua task may be imper-
vious to who is doing the work, where it is performed, or other action attributes.

Using the number of unique 2-grams as the basis for comparison is simple, but two
different process instances might have the same number of unique 2-grams. As a result,
we believe this metric tends to understate the phenomenon it is intended to measure. It
might be more informative to use optimal matching or some other methodology to
measure sequential variety [11, 23].

Finally, our contribution at this stage is primarily theoretical. We have shown that
attribute alignment can have an unexpected effect on process execution, but we have



not yet connected this theoretical insight to practical outcomes, such as cost, quality, or
satisfaction.

7 Conclusion

This research demonstrates that, at least in these dermatology clinics, action attributes
that are not normally considered relevant to process execution can influence observed
sequences of action. To demonstrate this effect, we have introduced a novel measure
that we call attribute alignment. We suggest that future research should capture more
detailed, event-level contextual information so that the managerial implications of these
effects can be investigated more broadly.
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