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Abstract: Information bottlenecks are a central issue in architecture, engineering, and construction (AEC) projects. It is crucial to detect their

occurrence to mitigate their impacts. Existing approaches to detect information bottlenecks use metrics that require estimating the quantity of

information published, which is a challenging task in practice. In this paper, building on the literature and recent developments in automation,

we introduce a revised model that uses unresolved activities during project delivery and frequency of information publication actions to detect

information bottlenecks. We validated our model by applying it to a case study. We compared bottlenecks detected by our model to ground

truth obtained in the case study independently using observational data and external verification. We further study how project activities

requiring different levels of interactions among project participants with different roles (e.g., designer, contractor) affect our model’s per-

formance. Results support our model and show that it is possible to attain comparable performance by considering only high-interdependency

activities. Our research enables teams and project managers to keep a focus on issues that require intense communication among different

experts and organizations to avoid bottleneck. Our contribution to the body of knowledge includes a revised model that detects information

bottlenecks during project delivery and insights into integrative project management where the focus is on both project activities and

collaboration needs across roles to streamline the whole process. DOI: 10.1061/JCEMD4.COENG-13019. © 2023 American Society

of Civil Engineers.

Introduction

Group decision-making is a complex process in architecture,

engineering, and construction (AEC) project delivery, given the

fragmented nature of the construction industry, the barriers set

up by traditional contractual relationships, and the conflicted roles

and responsibilities of project teams (Issa et al. 2006). Readiness of

information is critical to ensure smooth coordination between inter-

disciplinary team members. The lack of readiness affects coherence

between teams, thereby causing significant cost overruns and

delays in project delivery (Bashir et al. 2022; Xu and Luo 2014;

Tribelsky and Sacks 2011).

A bottleneck is a point of congestion in a production system

that occurs when workloads arrive faster than the capacity of the

production process (Leporis and Králová 2010). An information

bottleneck in AEC projects is the failure to provide project-related

information by team members (Tribelsky and Sacks 2010). Timely

flow of information between team members, in the form of tech-

nical drawings and task specifications, is vital for project manage-

ment (Eckert et al. 2001; Moreau and Back 2000) because it can

lead to faster issue resolution, improved project outcomes, and

lower probability for claims and disputes (Ali et al. 2023). Timely

information is critical for project progress, particularly for distrib-

uted design teams in any discipline (Back and Moreau 2000).

According to McKinsey and Company (2016), over 80% of all

construction projects fail to meet their target schedules. Bashir et al.

(2022) highlights the importance of information flow interdepen-

dencies for successful construction project management. When in-

formation is withheld, inaccurate, or erroneous, waste ensues. Love

et al. (2008a) analyzed a construction project case study to identify

the causal behaviors that led to rework as a result of design process

problems and found the project manager’s failure to recognize the

criticality of information flow among teams to be a key root cause.

Xu and Luo (2014) performed observational analysis on informa-

tion management in construction projects to provide comprehen-

sive statistics on time wasted due to inconsistent, dislocated, and

ambiguous information. Therefore, identifying bottlenecks before

they occur during project delivery can help improve team efficiency

and performance outcomes.

Tribelsky and Sacks (2010) introduced development velocity

(DV) and work in progress (WIP) as two explanatory variables

to detect information bottlenecks in AEC projects. A drawback of

their approach is that DV and WIP rely on estimating the total

quantity of information, which is not feasible in practice. The total

quantity of information is estimated by calculating the package

sizes of all information objects. Information objects in AEC proj-

ects are building components such as ceilings or floors. There
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could be thousands of such objects, with each object having several

attributes such as dimensions on a drawing. It is labor intensive to

calculate the total quantity of information by counting all attrib-

utes from all information objects in the project. Further, Tribelsky

and Sacks (2010) do not validate the suggested model to ground

truths.

In search of a model that can detect information bottlenecks

across all phases of project delivery in AEC projects while account-

ing for the limitations listed previously, we reformulate DV and

WIP. First, we use frequency of information publication action

instead of quantity of information in our formulation of DV. A pub-

lication action is a transfer of any information from the private to

public domain (Tribelsky and Sacks 2010). Publication actions are

either using emails with attachments or file-sharing platforms.

Second, our formulation of WIP depends only on the timeline

of project activities. Project activities are unresolved project issues

discussed and tracked during project team meetings. An earlier

work by the authors showed that the timeline of project activities

can be automatically tracked from project team meeting minutes

documents using Jaccard similarity (Bayhan et al. 2021). For these

reasons, our formulation of DV and WIP, as described in later

sections of this paper, is more feasible to implement in practice than

in existing literature.

We validate our model by comparing our model with ground

truth on an AEC case study project. We obtained the ground truth

independently from ethnographic data and verified them via an in-

terview with an industry representative who worked as the primary

project manager as the owner’s representative throughout the whole

project delivery process. Ethnographic data here refer to observa-

tional data collected from attending project meetings and interact-

ing with the project team (Wimmer and Dominick 2013). We used

techniques such as diary-keeping of meeting discussion; analysis of

meeting documents such as agenda, minutes, and team video and

voice recordings; and interactions with team members to collect

ethnographic data. This is the first work that validates a model

to detect information bottlenecks with ground truth data. Thus, this

paper serves as a baseline to compare the accuracy of future

models.

We further study how project activities with different types

of collaboration needs and interdependencies among project

participants for resolution (Bell and Kozlowski 2002) affect

our model performance. Project activities exhibit different types

of interdependencies, representing the nature of the production

process, including pooled, sequential, reciprocal, and intensive

(Bell and Kozlowski 2002). In pooled-type activities, team mem-

bers from a single expertise area or organization independently do

the work. Sequential, reciprocal, and intensive activities involve

team members with multiple expertise areas. In sequential activ-

ities, work flows in a uniform direction from one team member to

the next until it is resolved. In reciprocal activities, work flows

back and forth between team members. Intensive activities demand

the most collaborative teamwork between team members. Inter-

dependency between team members is lowest for pooled-type

and sequential-type activities and highest for reciprocal-type

and intensive-type activities. We show how activities with high

interdependencies have more influence on bottleneck occurrence

as compared to activities with low interdependencies. We refer

to pooled and sequential activities as low-complexity (LC) activ-

ities and reciprocal and intensive activities as high-complexity

(HC) activities. We also show that we can achieve good perfor-

mance to detect information bottlenecks considering only HC

activities. Thus, we further simplify our model because our result

allows excluding estimating LC activities to detect information

bottlenecks.

Literature Review

The decision-making process in the AEC industry is highly frag-

mented among stakeholders in different organizations with varying

levels of expertise (Issa et al. 2006). Coordination among stakehold-

ers is critical for a product that meets all the owner requirements

(Cavka 2010). The AEC industry is both information intensive

and information dependent to meet project costs and schedule goals

(Back and Moreau 2000). Such reliance on information implies that

detecting information bottlenecks and taking mitigation steps are

critical to project success.

However, most of the existing research relating to information in

the AEC industry focuses on issues such as information manage-

ment (Mak 2001), information security in construction supply

chains (Hijazi et al. 2019), computing in construction (Miyatake

and Kangari 1993), building information modeling (BIM) (Tang

et al. 2019; Liu et al. 2021; Jung and Joo 2011; Bryde et al.

2013), and digital technology in construction (Wong et al. 2018).

Although numerous works study the importance of information

management and its use in the AEC domain, studies relating to

information bottlenecks have been few and far between.

The overall performance of project delivery, spanning the design

and construction phases, depends on the weakest link. When a

designer underperforms because of additional workloads or un-

availability of information, the entire project team is affected

(Tribelsky and Sacks 2006). Significant portions of information

flow for design are devoted to waiting, inspection, conversion,

and moving (Ballard and Koskela 1998) and are highly prone to

creating variability in the work processes and leading to wasteful

or non–value-added episodes (Freire and Alarcón 2002; Ko and

Chung 2014) during project delivery. As such, design activities

and the overlap of design and production processes have long been

studied through lean principles (Howell et al. 2011) and are impor-

tant to address for information bottlenecks across project delivery.

A significant portion of design time is idle time (Freire and Alarcón

2002); therefore, it is important to address information bottlenecks.

Grønbæk et al. (1993) studied information bottlenecks in cooperative

tasks in the AEC domain. However, their focus was on challenges

created by such bottlenecks and the need for computer-supported

systems to address those challenges. Cavka (2010) studied bottle-

necks by observing ethnographic data from 27 design coordination

meetings from the design development phase of a building construc-

tion project. However, their focus was on bottlenecks in meeting

processes to improve meeting efficiency through new technologies.

Love et al. (2008b) studied bottlenecks due to design-induced

rework. Tory et al. (2008) compared various information exchange

artifacts in coordination meetings to recommend computer-

supported systems that minimize information bottlenecks. How-

ever, they focused only on coordination meetings while ignoring

other channels of information exchange such as file-sharing plat-

forms and emails. Chinowsky et al. (2011) looked at aligning actual

information exchanged with information sharing requirements in

the project network. However, none of these works addresses

the problem of detecting information bottlenecks.

Existing approaches to detect information bottlenecks are infea-

sible to apply in practice. Metrics used to quantify information

exchange have been the focus of research for detecting information

bottlenecks. Staron and Meding (2011) developed a unique soft-

ware platform using lean principles by conducting a case study

at a software development unit and successfully identified one

bottleneck in the design phase. Although this approach pioneered

using software technology in identifying project bottlenecks, con-

struction firms have not used it due to the lack of software support.

Tribelsky and Sacks (2010) introduced two metrics, DV and WIP,
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to detect information bottlenecks. Al Hattab and Hamzeh (2018)

extended the formulations of Tribelsky and Sacks (2010) to

calculate DV and WIP at the project and agent levels. Al Hattab

and Hamzeh (2018) do not apply those metrics to information

bottlenecks. The metrics of Tribelsky and Sacks (2010), as described

earlier, require estimating the total quantity of information, which is

infeasible in practice. Moreover, none of the existing works validate

the performance of models that detect information bottlenecks with

ground truth.

With the advancement of BIM in terms of technology (Wen

et al. 2021) and its integration into the life cycle of projects span-

ning across design, construction, and operations (Ma et al. 2018),

measurement of information quantity has become easier over time,

as has BIM’s use for project management and interdisciplinary col-

laboration. BIM (Olanrewaju et al. 2021), however, is not a project

process measurement and improvement tool. Additionally, its use is

limited across projects with less complexity, and it is still regarded

as an innovation in its diffusion stage in the construction industry

(Wen et al. 2021). Therefore, BIM falls short in providing mean-

ingful metrics in detecting information bottlenecks across all

phases of project delivery and various types of projects, especially

for those that are on the lower side of the complexity spectrum.

There is a need for a method that applies to all types of projects re-

gardless of complexity and party handling the information and pro-

vides common metrics for all phases, that is, planning design and

construction, across project delivery, especially in those where there

is an overlap between design and construction [e.g., design build,

construction manager at risk, and integrated project delivery (IPD)].

Model Development

Fig. 1 represents our overall model to detect and validate informa-

tion bottlenecks. Our model uses data from file-sharing platforms

(e.g., Unifier and PlanGrid), email exchange data that captures

email headers, and project team meeting minutes (i.e., held bi-

weekly among owner, designer, and contractor representatives)

to detect information bottlenecks. File-sharing platforms and email

exchange data capture the information publication actions. Project

team meeting minutes help capture project activities because these

meetings discuss all project issues needing attention and collaboration

across roles. We used qualitative analysis of ethnographic data and

an interview with an industry representative who worked as the

primary project manager representing the owner throughout the

project delivery to obtain ground truth dates for information bottle-

necks. Neither the researcher nor the industry representative viewed

our model and detected bottleneck dates while arriving at the

ground truth dates. We compared our detected dates to the ground

truth dates to validate our model.

Model for Information Bottlenecks

Following the work of Tribelsky and Sacks (2010), we use two

explanatory variables—DV and WIP—to detect information

bottlenecks. The novelty of our method is in formulation and data

to estimate DV and WIP.

DV

DV is the rate at which information details are published and

made available to the team members (Tribelsky and Sacks 2010).

New information in the form of drawings, submittals, estimates,

and updates gets generated as the project progresses.

Existing work calculates the rate of growth of information pack-

age size to estimate DV. Package size is calculated by counting

either the number of information items or the number of attributes

in all the information objects associated with a package (Tribelsky

and Sacks 2010). An information object is a distinct component of

a building with technical attributes, such as ceilings, pipes, beams,

and so on. An information item is a single information element,

such as a dimension on a drawing.

However, estimating package size is often not feasible or prac-

tical. There could be thousands of information objects, each with

numerous information attributes, which makes package size expen-

sive to track. Second, there is a delay between new information

generation in the design office and their publication. Package size

does not consider whether the new information has been made

available to the team members.

In this study, we reformulate DV as the rate of publication

actions between two successive project teammeetings. A publication

action is any action by a team member that transfers information

from a private domain to a public domain. The variable At denotes

the rate of publication actions at time t. Publication actions include

email exchanges and updates on file-sharing platforms. Emails and

document-sharing platforms are two of the key channels to publish

Fig. 1. Overview of research methodology. A dashed border indicates data collected, and a solid indicates a research step.
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information in AEC projects (Demian and Walters 2014). Even with

the advent of newer technologies for information exchange, such as

Asite, SAP, PPManager, and recommendations to opt out of emails

for project-related communications as a protective measure against

claims (SCL Protocol 2017), email remains a popular and reliable

medium to document key information exchange in construction

projects (Al Hattab and Hamzeh 2018). In this study, we consider

every email with an attachment (Mulugeta 2010) and all project

documents uploaded to a file-sharing platform a publication action.

If therewereM meetings, and Tm denotes the day of themth meeting

from the beginning of the project, then the DVon day Tm is given by

Eq. (1). In Eq. (1), dt denotes the differential of the time variable

DVm ¼

R

Tm

Tm−1
Atdt

Tm − Tm−1

m ¼ 2; 3; : : : ;M ð1Þ

In our formulation of DV, we ignore the quantity of information

in individual publication actions. Despite this limitation, our formu-

lation of DV is effective in explaining bottlenecks. According to

Tribelsky and Sacks (2010), a high DV indicates a higher proba-

bility of bottleneck occurrence; thus, it is the variance in DV that

explains bottlenecks and not the exact value of DV. The variance

in DV is captured through the frequency of information publication

actions because they resemble the frequency of information

development. The frequency of information publication actions

is more straightforward to estimate because we need to consider

only the timestamp of publication action and not the quantity of

information in those actions.

WIP

WIP is a measure of unused information packages that were avail-

able (Tribelsky and Sacks 2010). Tribelsky and Sacks (2010) cal-

culate WIP at time t as the sum of the package size of all unopened

information packages weighted by the time they have been in the

system. Again, the difficulty in estimating the size of information

packages makes estimating WIP challenging in practice. Moreover,

a team member viewing or downloading a package does not nec-

essarily imply they processed and performed the actionable items.

We define WIP in terms of project activities and publication

action. We assume there are N project activities in total during the

duration of the project. An activity is active on the day Tm if it is

unresolved on that day. If activity n is active on day Tm, then we

have Un
m ¼ 1. If activity n is active on day Tm and day Tm−1, then

we have Vn
m ¼ 1. We have

Un
m ¼

�

1 if activity n is active on dayTm

0 otherwise
ð2Þ

Vn
m ¼ Un

mU
n
m−1

ð3Þ

The value
P

N
n¼1

Un
m denotes the total number of active activities

on day Tm,
P

N
n¼1

Vn
m denotes the total number of activities that

were active on both days Tm−1 and Tm, and ð
P

N
n¼1

Vn
mÞ=

ð
P

N
n¼1

Un
m−1

Þ denotes the fraction of activities that were

unresolved in the interval ðTm−1;TmÞ that are still unresolved on

day Tm. We define WIPm as the product of fraction of unresolved

activities and the total number of publication actions in the interval

ðTm−1; TmÞ, as shown in Eq. (4). In our definition, a higher fraction
of unresolved activities is an indicator of a bottleneck. We can

extend this definition to subteams or individual team members

by considering only activities that the subteam or individual team

members are responsible for. In this study, we detect information

bottlenecks for the entire project team

WIPm ¼

P

N
n¼1

Vn
m

P

N
n¼1

Un
m−1

Z

Tm

Tm−1

Atdt m ¼ 2; 3; : : : ;M ð4Þ

Bottleneck Indicator

Neither WIP nor DV is independently sufficient to measure bottle-

necks. WIP measures activity resolution rate. A resolved activity is

useful only when the information created from its resolution is

available to other team members. Similarly, DV measures the rate

of information publication. Information published that is not rel-

evant to resolving project activities is of little value in preventing

bottlenecks. Therefore, both DVandWIP are used in conjunction to

detect bottlenecks.

A bottleneck indicator, denoted by BN, considers both DV and

WIP to indicate potential information bottlenecks. BN is a number

from 0–1, with a higher value indicating a higher chance of infor-

mation bottlenecks. When WIP is high, the influence of DV is

weaker as compared to when WIP is low. This is because unre-

solved issues that pile up over time have a cascading effect because

the information produced by resolving some of the earlier issues in

the project affects the resolution rate of future issues. Tribelsky and

Sacks (2010) mapped DV and WIP to a bottleneck indicator

accounting for this imbalance in the weighting of DV and WIP.

We use the same mapping function, which is given in Table 1.

The mapping function assumed that DVandWIP are normalized

in the 0–1 range. In our approach, we used a max–min function for

this normalization, as shown in Eq. (5). We only need data available

up to time Tm to estimate WIP and DVat time Tm. BN on day Tm is

denoted as BNm

dvm ¼
DVm −minfDV1; : : : ;DVmg

maxfDV1; : : : ;DVmg −minfDV1; : : : ;DVmg
ð5Þ

wipm ¼
WIPm −minfWIP1; : : : ;WIPmg

maxfWIP1; : : : ;WIPmg −minfWIP1; : : : ;WIPmg
ð6Þ

Model Validation

To validate our model, we compared our model output to ground

truths. An independent researcher in our team attended biweekly

project team meetings for almost 2 years to collect ethnographic

data. Dossick and Neff (2011) indicated that face-to-face conver-

sations between team members are less about briefings and more

about problem-solving. The data collected through observation

Table 1. Mapping DV and WIP to BN

WIP DV ≤ 0.25 0.25 < DV ≤ 0.5 0.5 < DV ≤ 0.75 0.75 < DV ≤ 1

WIP ≤ 0.25 0.4 0.2 0 0

0.25 < WIP ≤ 0.5 0.6 0.4 0.2 0

0.5 < WIP ≤ 0.75 0.8 0.8 0.6 0.4

0.75 < WIP ≤ 1 1 1 1 0.8
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provide flexibility and insight because the researcher can observe

all interactions (Wimmer and Dominick 2013). Therefore, the

ethnographic coding of the biweekly project meetings constitutes

an important source to identify issues and attempts to resolve those

issues and bottlenecks.

The researcher, without observing model outputs, used the

ethnographic data to identify information bottlenecks. We inter-

viewed an industry representative associated with the project to

verify the dates obtained from analyzing ethnographic data. The

verified dates are our ground truth dates of actual bottlenecks.

Case Study

The case study project was an institutional renovation and expan-

sion project with a budget of over 20 million USD delivered via

Construction Management-at-Risk (CMR). The project spanned

2 years starting in December 2018, going through schematic design

(SD), design development (DD), construction documents (CD),

and construction phases. We collected email exchanges, and ar-

chival (i.e., meeting minutes and file-sharing platform) and ethno-

graphic data throughout the project delivery.

Email Exchange Data

Each email is an information publication action in our model. We

exclude emails that are conversations because they are typically not

information publication actions. To achieve this, we consider only

emails with attachments in our calculations. Specifically, we count

only emails that have attachments with cumulative sizes exceeding

75 kb regardless of the filetype of the attachment (Mulugeta 2010).

We consider the email subject lines to filter out irrelevant emails.

We have a roster containing the email IDs of team members in our

case study project. The case study project team is across organiza-

tions and roles (e.g., owner, designer, and general contractor). In

other words, team members mentioned here refer to individuals

tasked in the case study project, working across organizations that

are contracted to each other temporarily for project-related purposes.

In our study, only the emails between members of the project are

considered. Specifically, we use a filter such that, to include an

email, the sender and at least one receiver in that email must belong

to the roster of project team members.

We extracted email data from servers and personal computers of

the owner, designer, and general contractor representatives. We de-

veloped a Visual Basic for Applications code in Microsoft Excel to

extract project-related emails from personal systems. We extracted

the following attributes for each email: (1) address and name of the

sender; (2) addresses and names of each receiver, including cc and

bcc; (3) subject line; (4) timestamp; (5) size and title of any attach-

ments; and (6) network message ID. We filtered emails relevant to

the project based on the sender and list of receivers, subject line,

and titles of attachments. Extracting email headers from multiple

project participants may result in duplicate entries. We used network

message ID, timestamps, email size, and subject line to remove

duplicates. Fig. 2(a) plots email rate as a function of project time-

line. In Fig. 2(a), sequential, reciprocal, and intensive activities span

the timeline starting from schematic design (SD phase), which is

unique to integrative project delivery methods (e.g., IPD, design

build (DB), and CMR such as the one used in this case) to include

general contractors.

Archival Data: File-Sharing Platforms

We collected archival data from all file-sharing platforms. Our case

study project used two different platforms to generate and share

project documents. We imported project documents as a .csv file.

We identified the author and timestamp of publication for each

document from the imported files. We used software called Auto-

vue version 21.0.2.6 to automatically calculate the modifications in

the project drawings. Autovue software calculates any changes or

updates made in the shared documents during the project timeline.

Data shared are normalized based on the total data across the three

phases of design. Fig. 2(a) plots the publication action rate through

file-sharing platforms as a function of the project timeline.

Archival Data: Meeting Minutes

We observed and analyzed minutes from project team meetings

spanning the schematic design, design development, construction

documents, and construction phases of the AEC case study project.

(a) (b)

Fig. 2. Rate of publication actions and active activities as a function of project timeline.
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We identified unresolved project activities from the analysis of

meeting minutes and coded their timeline using Gantt charts.

We classified each activity into pooled, sequential, reciprocal, and

intensive types, analyzing their interdependencies across roles

(i.e., owner, designer, contractor) from the Gantt chart (Bell and

Kozlowski 2002). Fig. 2(b) shows the unresolved activities of each

type as a function of the project timeline. The average number of

days to resolve each activity type is shown in Fig. 3. We observe

that the average number of days to resolve is the lowest for pooled

and the highest for intensive activities. Pooled and sequential

activities have similar resolution times, with the sequential type

marginally higher than the pooled type. Reciprocal and intensive

activity types have similar and higher resolution times. This is

expected because interdependency is higher for intensive and recip-

rocal activities due to the need for coordination between multiple

disciplines.

Ethnographic Data—Establishing Ground Truth

Two coders independently attended biweekly project meetings to

collect observational data. Each coder prepared a document for

every meeting capturing information exchanged in these meetings.

Each coder produced a Microsoft Excel sheet marking every

instance when a participant gave or asked for information in the

meeting. The coders also indicated flags on topics and activities

that demanded attention and took an unusually long time to resolve.

In the same week, both coders had a meeting to merge their docu-

ments to produce a single coding file. They documented differences

in their coding sheets as a reference file for future coding. We also

used Spearman’s rank correlation (r ¼ 0.89, p < 0.01) to calculate

the consistency of coding between the two coders, thereby ensuring

the reliability of the coded file.

The researcher who also sat through all case study project team

meetings made the final determination on bottlenecks using the

data coded by the coders. The researchers in our team who worked

on the study model and the ethnographic data were independent

from each other. At this stage, 10 dates with potential bottlenecks

were identified: (1) toward the end of the schematic design phase

due to coordination issues between different parties; (2) toward the

end of the design development phase due to unaligned expectations

between the general contractor and designer; (3) at the beginning of

the construction documents phase due to a higher cost estimate than

what the owner expected; (4) 1 month after construction start, pend-

ing issues due to external parties such as permits; (5) 2 months after

construction start, due to unexpected soil and site conditions;

(6) 3 months after construction start, due to the increased need

for coordination between different consultants and subcontractors;

(7) 5 months after construction start, due to design complexity and

application matters; (8) 6 months after construction start, due to a

bidding package; (9) 9 months after construction start, due to the

COVID-19 outbreak and creating new baseline designs as the

owner decided to pause the project; and (10) 1 year after construc-

tion start, due to remote working modality in relation to the

COVID-19 pandemic and design consultants’ extended timeline

in this new work environment.

After determining the dates with possible bottlenecks as shown,

we conducted an interview with an industry representative closely

associated with the project to verify them. This industry member

was the owner’s representative for the case study project.We selected

this industry team member due to their uninterrupted and close en-

gagement with the project from the beginning to the end, whereas

some of the other project representatives in the core team were in

and out. Fig. 4 shows the bottleneck dates identified by our

researcher and the ones verified by the industry representative,

revealing that our researcher was more conservative in identifying

bottlenecks using ethnographic data. The owner’s representative

did not identify any project bottlenecks outside the ones the researcher

had demarcated. Ultimately, we used the owner representative’s

verified dates (i.e., seven in total, excluding the first, sixth, and

eighth) as the ground truth to validate our model.

Based on these findings, the research team observed that bot-

tlenecks in this project most likely occurred due to design issues

that required heavy coordination or unforeseen situations such as

Fig. 4. List of bottleneck dates qualitatively identified and verified.

Fig. 3. Boxplot for average number of days to resolve activities for

each activity type. The triangular mark indicate mean value.
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soil conditions and the COVID-19 outbreak. Moreover, the

involvement of outside parties, such as obtaining state or city

approval, increased the resolution time for issues, causing

bottlenecks.

Results

In this section, we show the performance of our model. We com-

pare our model to ground truth dates. We also do ablation studies.

We do this by relaxing one of the variables—DV or WIP—and

using only the other variable in the model to measure the relative

impact of each variable on detection accuracy. The results of abla-

tion studies are described in the section “Model Evaluation.” We

also evaluate the model performance of including only activities

with either high or low interdependencies against all activities.

Comparing Model Outputs to Ground Truths

Our case study project ran for over 2 years. The project team meet-

ings took place either weekly or at a biweekly frequency. There

were a total of 83 meetings. The variable Tm denotes the time

of the mth meeting, where m ¼ 1; 3; : : : ; 83. We calculated DV

and WIP for the days in which project meetings took place. We

needed project activities recorded in meeting minutes to calculate

WIP. Therefore, we calculated DV and WIP only on the meeting

days. The values DVm and WIPm denote DV and WIP at time

Tm, and BNm denotes the bottleneck indicator at time Tm. The var-

iable BNm takes discrete values of 0, 0.2, 0.4, 0.6, 0.8, and 1, with a

higher value indicating a higher probability of bottleneck occur-

rence (Tribelsky and Sacks 2010). We set our discriminator as

0.8; that is, when BNm > 0.8, our model detects a bottleneck on

day Tm. We set the discriminator at a higher value to minimize

the number of false negatives. A false negative detection would

result in unnecessary alarm by project participants, which can

be detrimental. Fig. 5 compares bottlenecks detected by our model

to ground truths. Ground truths are industry-verified bottleneck

dates, as shown in Fig. 4. The shaded region in Fig. 5 indicates

the ground truth dates. In total, there were seven bottlenecks. Dot-

ted vertical lines demarcate the SD, DD, CD, and construction

phases of the project. There were two bottlenecks in the first half

of the project consisting of the SD, DD, and CD phases. There were

five bottlenecks in the second half of the project, which is the con-

struction phase. The performance of our model was better in the

second half of the project (construction phase) than in the first (de-

sign phase). For example, our model successfully detected four of

the five information bottlenecks in the construction phase. The im-

proved performance in the second half is because our model works

by estimating the relative variance in the frequency of publication

actions and active activities. The estimation of relative variance at

time Tm uses all data available until time Tm. There are not much

data available in the early phases of the project to accurately capture

relative variance, which affects our model performance. The one

bottleneck which our model did not detect in the construction phase

was the result of the COVID outbreak. This information bottleneck

resulted from the need for new baseline designs due to the pan-

demic. Our model does not account for abrupt unforeseen causes

because it relies on the history of information exchange frequency.

Model Evaluation

WIP depends on information on activities documented in the meeting

minutes. Therefore, our model outputs are only on the dates when

project team meetings occur. Observations from qualitative observa-

tions might not match the exact date on which these meetings took

place. To account for this effect, we introduced a tolerance variable,

denoted as tol. We counted a detection as successful if we detected it

within tol days preceding the ground truth.

Fig. 6(a) shows precision, recall, and F-score of our model as a

function of tolerance days considering the ground truth bottlenecks

as positives. To understand the discriminatory capacity of our

model, we used the receiver operating characteristic (ROC) curve

analysis and area under curve (AUC) metrics (Adams and Hand

1999). AUC varies between 0 and 1, with a higher value indicating

a model with a better discriminating capacity. An AUC of 0.5

implies the model has no discriminatory power. Generally, an AUC

Fig. 5. Comparing bottlenecks detected using our model to industry-

verified ground truth bottleneck dates. Dotted vertical lines demarcate

project phases.

(a) (b)

Fig. 6. Performance based on tolerance days (tol).

© ASCE 04023135-7 J. Constr. Eng. Manage.

 J. Constr. Eng. Manage., 2023, 149(12): 04023135 

D
o
w

n
lo

ad
ed

 f
ro

m
 a

sc
el

ib
ra

ry
.o

rg
 b

y
 U

n
iv

er
si

ty
 o

f 
C

al
g
ar

y
 L

ib
ra

ry
 o

n
 0

3
/2

6
/2

4
. 
C

o
p
y
ri

g
h
t 

A
S

C
E

. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

; 
al

l 
ri

g
h
ts

 r
es

er
v
ed

.



over 0.7 is considered good (Mandrekar 2010). Fig. 6(b) shows our

model performance in terms of AUC. Within a week preceding the

bottleneck, our model achieved an AUC of more than 0.7. Our model

used both DVand WIP as explanatory variables. Fig. 6(b) compares

our model performance considering only one of the explanatory

variables. Fig. 6(b) shows that including both explanatory variables

improves model performance over just one explanatory variable.

Therefore, it is important to include both DVandWIP as explanatory

variables in the model. We also observed that between explanatory

variables, WIP had a higher effect on discriminating bottlenecks than

DV. This observation is consistent with our reasoning because WIP

has a higher effect on BN occurrence, as discussed in the section

“Model for Information Bottlenecks.”

Fig. 7 compares model performance considering all activities

against considering only either the LC or HC activity type. Perfor-

mance evaluated using the F-score and AUC was higher when we

included all activities than when we included only a specific type.

This result is encouraging in practice because it is easier to count

the total number of activities across all types without needing to

classify which type they belong to. Between LC and HC activity

types, HC activities explained the bottlenecks better than LC, as

observed from the higher F-score in Fig. 7. HC activities had higher

interdependencies. The accumulation of unresolved HC activities

is an indicator of information deprivation for interdependent stake-

holders. Therefore, variance in frequency of unresolved HC activities

explains information bottlenecks better than LC activities. This

result implies that we can obtain good performance by counting

only HC activities.

Limitations

The model, however, has a few limitations. Our model does not

capture external factors that lead to bottlenecks because we base

our model on internal information exchange. Another limitation

of our model is a low detection accuracy in the early phases of

the project. A lower accuracy in earlier phases is attributed to

the limited availability of data. Future research such as data-driven

models by comparing data on similar projects can address this limi-

tation. A third limitation is in the logistical effort to collect email

data from all contractors and designers. Our model does not use

priority information or content in emails. In other words, we only

use the frequency of exchange and size of emails without access to

their content. However, obtaining permission to collect and analyze

such data is more practical. Such collection is quite possible to

achieve if and when there are agreement and contract conditions

among parties to integrate this information in project management

through various software that would be sensitive to the organiza-

tional concerns of all contributing parties. This can be developed

into new software or incorporated into existing software such as the

well-known project management tool Procore (Procore 2022).

A fourth limitation is that our email exchange information is sourced

from primary representatives of the owner, designer, and general

contractor as the parties holding the primary contracts to deliver

the project. Although the whole project network’s email and other

forms of communication are not reflected in this data set, the logic

here is that all primary information central to the project flows

through these parties and gets recorded via emails. Although this

phenomenon is supported by the literature (Garcia et al. 2020), we

still added a verification step in our study and verified with multiple

project parties that the final communication network we developed

using this data set was reflective of the overall project communi-

cations. A fifth limitation is that our model only considers infor-

mation published through email and file-sharing platforms. Our

model does not consider tacit knowledge that is shared via verbal

conversations between the team members. However, email data are

representative of team collaboration interactions and particularly

appropriate in this study for three reasons: (1) email remains a pri-

mary communication tool in AEC project management; (2) extensive

use of emails in project management facilitates efficient information

exchange, documentation, and reliable decision making. Emails

allow geographically dispersed members to collaborate remotely

and share accountability; and (3) emails are a reliable data source

about interactions. The project manager, construction manager, and

chief architect of this AEC project in their interviews confirmed

that the networks we identified from email data represented their

collaboration patterns. A sixth limitation is that issues related to

claims and disputes, especially the ones created forensically, are

difficult to solve via emails. Our model uses a rich data set across

many documents in the project in calculating bottlenecks, as shown

in Fig. 1, which then is used to create publication actions and active

activities across the project timeline, as displayed in Fig. 2, which

in the future could be an inspiration for a software interface in

bringing this model to reality for day-to-day use in project manage-

ment operations. From this perspective, it is very likely that claims

and disputes could be reduced because teams and project managers

would have an objective and data-rich tool to visualize and detect

bottlenecks and they can make decisions to intervene the project

team accordingly. The model can also be used in resolving disputes

and claims faster and more efficiently by reviewing the bottleneck

points in project delivery and backtracking delivery activities and

team correspondence accordingly. Even though email would not be

an appropriate media to review for claims and disputes, the aggre-

gate data to calculate the bottleneck model in our study, including

emails, would provide a rich foundation to detect priority time

periods during project delivery for things that may have gone

wrong. Finally, it is important to monitor the evolution of technol-

ogy and contract law alongside user behavior and industry norms to

(a) (b)

Fig. 7. Performance of our model based on the type of activities.

© ASCE 04023135-8 J. Constr. Eng. Manage.

 J. Constr. Eng. Manage., 2023, 149(12): 04023135 

D
o
w

n
lo

ad
ed

 f
ro

m
 a

sc
el

ib
ra

ry
.o

rg
 b

y
 U

n
iv

er
si

ty
 o

f 
C

al
g
ar

y
 L

ib
ra

ry
 o

n
 0

3
/2

6
/2

4
. 
C

o
p
y
ri

g
h
t 

A
S

C
E

. 
F

o
r 

p
er

so
n
al

 u
se

 o
n
ly

; 
al

l 
ri

g
h
ts

 r
es

er
v
ed

.



ensure the relevance of email data in this context and consider the

various applications of the fundamentals suggested in this study

moving forward.

Conclusions

This work contributes to the body of knowledge by a new approach

to detecting information bottlenecks in AEC projects. Unlike previous

approaches, our model detects information bottlenecks without

estimating the total quantity of information published. Our model

uses data of active unresolved activities and frequency of informa-

tion publication actions without estimating the total quantity of

information. As a result, our approach is more feasible in practice

than previous approaches. Comparing bottlenecks detected by our

model to ground truth dates showed that our model accurately

detected the occurrence of information bottlenecks. Our analysis

showed that both DV and WIP are important to accurately detect

information bottlenecks. Thus, both unresolved activities and fre-

quency of information publication actions must be considered in

the model. We also showed that a model that uses only data of high

complexity activities achieves as much accuracy as a model that

includes all activity types. Thus, even if we track only high com-

plexity activities, they will serve as an effective measure to detect

information bottlenecks.

Our model has higher accuracy in the later phases of the project

because there are more data to calculate the relative frequency of

information publication actions. However, for project teams using

integrated project delivery for construction and BIM-enabled

project delivery processes, the bottlenecks usually occur at early

stages of delivery, or the DV might be slower early on in design

phases due to the level of multidisciplinary coordination involved.

The natural progression of IPD and BIM-enabled projects is team

members going through complex decision-making processes

involving many expertise areas for resolution early on in the

delivery process. Our model still applies to IPD and BIM-enabled

projects. Our DV considers all information publication actions,

including email exchanges and coordination activities. In IPD and

BIM-enabled project delivery processes, it is common to see a

lower DV and higher number of bottlenecks in the earlier phases

of the project delivery because this is a part of the natural progres-

sion of such projects—which is team members going through

complex decision-making processes involving many expertise

areas for resolution.

The study findings have implications for interorganizational and

interdisciplinary project teams. First, our model detects the occur-

rence of information bottlenecks. The low computational expense

of the model makes it straightforward to leverage our approach in

industrial practice. Creating a standardized bottleneck identifica-

tion model can help project managers learn from information

exchanges and eliminate potential bottlenecks in the future. For ex-

ample, assume that the level of information bottlenecks in a project

this month is higher than the last month; the project manager then

can use this information to identify issues that are taking longer

than average to resolve and objectively decide if certain patterns

in the project network are leading to these bottlenecks, such as

the need of approvals or expertise from outside parties, prioritiza-

tion for issue resolution, or additional resources to better distribute

tasks to relevant personnel. Eliminating bottlenecks can smooth the

production process, reduce the number of delays, and increase team

efficiency while potentially helping facilitate faster dispute resolu-

tion due to the accessibility of timely information. Making such

changes informed by the ongoing bottlenecks this month can help

the project get back on track next month and before it is too late for

the overall project performance to be adversely impacted. Second,

our study evaluates the effect of activity interdependencies. Project

managers can allocate resources better by taking into considera-

tion the activity interdependencies and making sure that there are

accommodations in place for high-complexity activities such as

inviting necessary experts to team meetings at optimal times and

adopting activity prioritization systems at the project team level

as opposed to following organizational priorities and responding

to project deadlines.

Future research can further refine our model to reformulate

DV and WIP using activity type to improve detection accuracy.

Future work can study creating separate models for information

bottlenecks in various phases of the project, particularly in the early

phases such as schematic design and design development. We do

not propose mitigation steps in response to information bottle-

necks. Building up on this work, future research should focus on

developing just-in-time detection models to predict potential bottle-

necks as project delivery continues. This paper is a solid foundation

that uses automation techniques on information published in all

project teams universally that is, meeting minutes and email

exchanges, to detect information bottlenecks. With further data col-

lection, this model can be used to predict project bottlenecks before

they occur. We learned a few lessons from the nature and causes

leading to information bottlenecks: (1) external team, (2) external

lead to team coordination, (3) external issues leading to bottle-

necks, and (4) external issues leading to team coordination issues.

Insights into the bottlenecks (e.g., externally induced due to permit-

ting issues or internally induced due to high-complexity issues

not getting resolved fast) can inspire project managers to adopt

mitigation strategies to reduce stress on project communication net-

works and streamline production, potentially resulting in improved

outcomes.
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Notation

The following symbols are used in this paper:

At = rate of publication actions at time t;

BNm = average BN on day Tm;

DVm = DV on day Tm;

dt = differential of time variable;

dvm = normalized DVm;

M = total number of meetings;

m =meeting number;

N = number of project activities;

n = activity number;

Tm = time of meeting m in days from beginning of project;
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tol = tolerance variable denoting days preceding ground truth

bottleneck date;

Un
m = resolution status of activity n on day Tm;

Vn
m = status indicating if activity n was active on days Tm and

Tm−1;

WIPm = average WIP on day Tm; and

wipm = normalized WIPm.
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