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Overview:

• Large, multivariable controllers can be 
difficult to understand and troubleshoot.

• Existing tools in industry rely on awkward, 
static, tabular views. Can we do better?

• Yes! In a 2022 CEP paper, we show that 
interactive heatmaps can help.

Visualization tools for multivariable controllers
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I work on Model Predictive Controllers (MPCs)

Hoekstra et al. Critical Care (2009) and Lindberg, MSc Thesis, Chalmers (2014)

• All controllers force a system to follow a 
desired behavior by adjusting actuators 
(valves, pumps, steering wheel etc.)

• PID control uses just the current and 
past states of the system to adjust the 
actuator. No predictive ability.
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Model Predictive Controllers (MPCs)

Hoekstra et al. Critical Care (2009) and Lindberg, MSc Thesis, Chalmers (2014)

• All controllers force a system to follow a 
desired behavior by adjusting actuators 
(valves, pumps, steering wheel etc.)

• PID control uses just the current and 
past states of the system to adjust the 
actuator. No predictive ability.

• MPC tries to predict future states using 
current and past states, and a model of 
the system.

• Good models -> Good MPC controller
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The model describes relationships 
between MVs and CVs. At steady-
state: the model is a gain matrix

MV: manipulated variable
CV: controlled variable

Example:
If MV1 goes up by 1 unit, then:
• CV1 goes down by -0.1942
• CV2 goes up by 0.1843

The model: steady-state gain matrix in MPCs

Steady-state Gain Matrix
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Problems with industrial MPC controllers

“MPC math is simple and elegant; MPC engineering is not.”
https://www.emersonautomationexperts.com/papers/MPC-Unsustainable-benefits.pdf

https://www.emersonautomationexperts.com/papers/MPC-Unsustainable-benefits.pdf
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“MPC math is simple and elegant; MPC engineering is not.”
https://www.emersonautomationexperts.com/papers/MPC-Unsustainable-benefits.pdf

Problem 1 (Model): 
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Problems with industrial MPC controllers

“MPC math is simple and elegant; MPC engineering is not.”
https://www.emersonautomationexperts.com/papers/MPC-Unsustainable-benefits.pdf

Problem 1 (Model): 
Large MPC gain matrices are complex and hard to visualize!

Problem 2 (Real-time Monitoring): 
Multivariable MPC time series are complex and hard to visualize! 

https://www.emersonautomationexperts.com/papers/MPC-Unsustainable-benefits.pdf
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Problem 1: Large model gain matrices are complex

vs.
Toy Model: 2x2
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Problem 1: Large model gain matrices are complex

• Why it’s bad: Tedious to navigate, filter and identify relationships. 
e.g. If MV1 goes up... what happens to the CVs?

• It gets worse: Not even the full 44x64 matrix… could also be much bigger elsewhere
• The question: Can we do better than static tables? How?

vs.
Toy Model: 2x2

Actual Controllers: 44x64
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Problem 2: Classical MPC time series trends are complex

• 4 lines for each MPC variable
• Upper Limit
• Lower Limit
• Measurement
• SS Target

• Variables can be constrained (at 
limits) or unconstrained.

• Too many variables! Typically 
spread out across multiple pages 
due to limited screen space

UI limitations: Can’t easily put variables of interest on the same page, need to 
click on different pages
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Fault diagnosis for MPCs is tedious, here’s why:

OPERATOR CALLS: WHY DID MPC 
DROP OUR PRODUCTION RATE?!!
I don’t know… let’s find out!
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Fault diagnosis for MPCs is tedious

1. What was this MV 
controlling? Which 
CVs is it connected to?
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Fault diagnosis for MPCs is tedious

1. What was this MV 
controlling? Which 
CVs is it connected to?

2. Look at CV1…

OPERATOR CALLS: WHY DID MPC 
DROP OUR PRODUCTION RATE?!!
I don’t know… let’s find out!
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Fault diagnosis for MPCs is tedious

1. What was this MV 
controlling? Which 
CVs is it connected to?

2. Look at CV1…

• Is the measurement reading correctly?

• Is the variable constrained?

• Are the limits clamped?

3. Think 4. Click

OPERATOR CALLS: WHY DID MPC 
DROP OUR PRODUCTION RATE?!!
I don’t know… let’s find out!
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Fault diagnosis for MPCs is tedious

1. What was this MV 
controlling? Which 
CVs is it connected to?

2. Look at CV1…

5. Which other MVs 
are controlling CV1?

• Is the measurement reading correctly?

• Is the variable constrained?

• Are the limits clamped?

3. Think 4. Click

OPERATOR CALLS: WHY DID MPC 
DROP OUR PRODUCTION RATE?!!
I don’t know… let’s find out!



17

Fault diagnosis for MPCs is tedious

1. What was this MV 
controlling? Which 
CVs is it connected to?

2. Look at CV1…

5. Which other MVs 
are controlling CV1?

Look at MV2…

Repeat until root 
cause is found…

• Is the measurement reading correctly?

• Is the variable constrained?

• Are the limits clamped?

3. Think 4. Click

OPERATOR CALLS: WHY DID MPC 
DROP OUR PRODUCTION RATE?!!
I don’t know… let’s find out!
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Troubleshooting MPC problems takes hours/days
• Root cause of faults usually not obvious
• Need to trend the right variables on the same page,

but we have 100+ variables, which ones are the ‘right’ 
ones to trend? Can’t trend all at the same time.

Strong reliance on process knowledge
• Time series trends don’t mean much to less 

experienced engineers: 
• just squiggly lines with no context (speaking 

from personal experience)
• new engineers wouldn’t know if a MV/CV 

should be typically constrained/unconstrained

MPC diagnosis issues
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Seems like a gap! Took initiative to find visualization solutions
My thoughts:
• I just want very simple improvements : 

• the ability to easily plot time series 
on the same page

• an easy way to navigate through 
the model.
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Seems like a gap! Took initiative to find visualization solutions
My thoughts:
• I just want very simple improvements : 

• the ability to easily plot time series 
on the same page

• an easy way to navigate through 
the model.

• APC has been around in refining since 
1980s and matured in the 1990s.

• Surely someone out there must 
have a better solution by now?
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Existing Visualization Tools
Simple Solutions: 
• We want very simple improvements : 

• the ability to easily plot time series 
on the same page

• an easy way to navigate through 
the model.

• APC has been around in refining since 
1980s and matured in the 1990s.

• Surely someone out there must 
have a better solution by now?

• Only one solution found in literature -
Honeywell Elucidator (2002).
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Idea 1: cut down visual noise in gain matrix with a heatmap

• Gain directions are more important (from a user’s perspective), rather than the actual value.
• For troubleshooting purposes, we just want to know movement direction (up or down?).
• Key insight: Maybe we don’t need to show the actual numbers!
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Idea 1: cut down visual noise in gain matrix with a heatmap

Encode gain 
values as colors to 
denote gain 
directions

+ve: green: up
-ve: red: down

• Gain directions are more important (from a user’s perspective), rather than the actual value.
• For troubleshooting purposes, we want to know movement direction (up or down?).
• Encoding directions as a heatmap helps reduce visual noise and cognitive load
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Idea 1: cut down visual noise in gain matrix with a heatmap

Encode gain 
values as colors to 
denote gain 
directions

+ve: green: up
-ve: red: down

Better than spreadsheets, but still a static heatmap with limited capabilities. 
Need something more interactive (filtering, zooming, sorting etc.)
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Clustergrammer - visualizing high-dimensional biological data
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Write a parser: controllers and models are plaintext files
CCF - controller configuration file MDL – controller model file

CCF
+ MDL

Input
raw
data

Parsed
Files

Viz-JSON
files

parser backend config frontend config

Final 
output
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Phase 1: Interactive MPC models with Clustergrammer

Adapted from Clustergrammer.js source code, with some custom-coded HTML5/CSS styling and D3.js charts
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Improved fault diagnosis process

This MV is 
connected to 
which CVs?

Look at CV1…

Which other MVs 
are controlling CV1?

Look at MV2…

Repeat until root 
cause is found…

• Is the measurement reading correctly?

• Is the variable constrained?

• Are the limits clamped?

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 1: Solved-ish. Replaced 
spreadsheet with Clustergrammer
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Improved fault diagnosis process

This MV is 
connected to 
which CVs?

Look at CV1…

Which other MVs 
are controlling CV1?

Look at MV2…

Repeat until root 
cause is found…

• Is the measurement reading correctly?

• Is the variable constrained?

• Are the limits clamped?

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 1: Solved-ish. Replaced 
spreadsheet with Clustergrammer

Problem 2: multivariable time-series trends still an issue
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Idea 2: reduce visual noise in time series using active constraints

Time series data for each MPC variable spread 
across different pages, multiple views and trends, can 
we do better than this without ‘squishing’ the trends?
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Idea 2: reduce visual noise in time series using active constraints

Encode time series 
as colors, based on 
active constraint 
status

Time series data for each MPC variable spread 
across different pages, multiple views and trends, can 
we do better than this without ‘squishing’ the trends?

X-axis: time

Y-axis: variables
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Idea 2: reduce visual noise in time series using active constraints
Constrained
Upper Limit

Unconstrained
Between Limits

Constrained
Lower Limit

Encode time series 
as colors, based on 
active constraint 
status

Time series data for each MPC variable spread 
across different pages, multiple views and trends, can 
we do better than this without ‘squishing’ the trends?

X-axis: time

Y-axis: variables
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Idea 2: reduce visual noise in time series using active constraints
Constrained
Upper Limit

Unconstrained
Between Limits

Constrained
Lower Limit

Dynamic Contraint Map (DCM) – compressed time 
series values into colors, based on active constraint 
status, multiple variables now visible on one single page

Time series data for each MPC variable spread 
across different pages, multiple views and trends, can 
we do better than this without ‘squishing’ the trends?

Encode time series 
as colors, based on 
active constraint 
status
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Compressed time series as a Dynamic Constraint Map
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Key insight for MPC diagnosis: most variables are irrelevant!

Many MV/CVs do not 
undergo any constraint 
(color) changes. 

These MV/CVs would 
not have caused the 
fault.

Key insight:
We can hide these!

Red strip highlights time 
window during the fault
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Hiding irrelevant variables reduces visual noise

Hide irrelevant 
variables with no 

constraint changes

• Hiding irrelevant variables allow us to focus on 
just the ones that directly contributed to the fault.

• Don’t need to dig through pages of time series 
trends
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Hiding irrelevant variables reduce visual noise

Hide irrelevant variables in the 
matrix too! 

• Now we just need to check a smaller submatrix 
instead of digging through 100+ variables!
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Revamped fault diagnosis process

This MV is 
connected to 
which CVs?

Look at CV1…

Which other MVs 
are controlling CV1?

Look at MV2…

Repeat until root 
cause is found…

• Is the measurement reading correctly?

• Is the variable constrained?

• Are the limits clamped?

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 1: Solved-ish. Replaced 
spreadsheet with Clustergrammer

Problem 2: multivariable time-series trends still an issue
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Revamped fault diagnosis process

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 2: Solved. Only plot constraints, then 
filter by colors to hide irrelevant variables to 
quickly drill down to the root causes.

Different perspective: 
What variables had 
constraint changes? 
Filter!

This MV is 
connected to 
which CVs?
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Revamped fault diagnosis process

Filter submatrix 
(much smaller list!)

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 1: Solved. Clustergrammer for better 
user interface + smaller submatrix to explore 
using Dynamic Constraint Map filters.

Problem 2: Solved. Only plot constraints, then 
filter by colors to hide irrelevant variables to 
quickly drill down to the root causes.

This MV is 
connected to 
which CVs?

Different perspective: 
What variables had 
constraint changes? 
Filter!
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Revamped fault diagnosis process

Filter submatrix 
(much smaller list!)

• Process knowledge: X should 

be the main handle for Y, did 

something happen to it? Let’s 

check the time series

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 1: Solved. Clustergrammer for better 
user interface + smaller submatrix to explore 
using Dynamic Constraint Map filters.Problem 2: Solved. Only plot constraints, then 

filter by colors to hide irrelevant variables to 
quickly drill down to the root causes.

This MV is 
connected to 
which CVs?

Different perspective: 
What variables had 
constraint changes? 
Filter!
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Revamped fault diagnosis process

Filter submatrix 
(much smaller list!)

Check process time 
series for anomalies 
(much smaller list!)

• Physically, X should be the 

main handle for Y, did 
something happen to it? Let’s 

check the time series

WHY DID OUR MPC DROP 
THE PRODUCTION RATE?
I don’t know… let’s find out!

Problem 1: Solved. Clustergrammer for better 
user interface + smaller submatrix to explore 
using Dynamic Constraint Map filters.Problem 2: Solved. Only plot constraints, then 

filter by colors to hide irrelevant variables to 
quickly drill down to the root causes.

This MV is 
connected to 
which CVs?

Different perspective: 
What variables had 
constraint changes? 
Filter!




