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A Unit Type is a Tuple: (Dimension, Frame)

Dimensional analysis
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① Dimension: length (cm)

loc.alt

launch site ground 
level



A Unit Type is a Tuple: (Dimension, Frame)

Dimensional analysis
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② Frame: local

launch site ground 
level

loc.alt



A Unit Type is a Tuple: (Dimension, Frame)

Dimensional analysis
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③ Frame: launch

launch site ground 
level

loc.alt



The impact of dimensional errors in systems

1. bool far_from_origin(Location &loc) {
2.   Location ekf_origin;
3.   if (ahrs.get_origin(ekf_origin) && 
4.        (ekf_origin.get_distance(loc) > 
5.           EKF_ORIGIN_MAX_DIST_M || 
6.         ekf_origin.alt - loc.alt > 
7.           EKF_MAX_ALT_M))
8.     return true;
9.   return false;

}

Type error: 
ekf_origin.alt – 
loc.alt has type cm, 

expected type m.



The impact of dimensional errors in systems

1. bool far_from_origin(Location &loc) {
2.   Location ekf_origin;
3.   if (ahrs.get_origin(ekf_origin) && 
4.        (ekf_origin.get_distance(loc) > 
5.           EKF_ORIGIN_MAX_DIST_M || 
6.         ekf_origin.alt - loc.alt > 
7.           100.0 * EKF_MAX_ALT_M))
8.     return true;
9.   return false;

}



The impact of dimensional errors in systems

1. void handle_odometry(mavlink_message &msg) {
2.   mavlink_odometry m = decode(msg);
3.   if (m.frame_id != FRAME_LOCAL_FRD) {
4.     return;
5.   } 
6.   Vector3f vel{m.vx, m.vy, m.vz};
7.   handle_vision_speed_est(vel);
8. }

Type error: vel has 
frame 

FRAME_LOCAL_FRD, 
expected type 

FRAME_LOCAL_NED.



The impact of dimensional errors in systems

1. void handle_odometry(mavlink_message &msg) {
2.   mavlink_odometry m = decode(msg);
3.   if (m.frame_id != FRAME_LOCAL_FRD) {
4.     return;
5.   } 
6.   Vector3f vel{m.vx, m.vy, m.vz};
7.   handle_vision_speed_est(FrdToNed(vel));
8. }



The impact of dimensional errors in systems 



Why is dimensional analysis hard?

• Systems are large and developers become confused

• Previous solutions UniFi (Hangal et al. 2009), Phriky (Ore et al. 
2017), Phys (Kate et al. 2018), PhysFrame (Kate et al. 2021) all:

• Require manual annotations

• Struggle with precise dimensional analysis

• Have performance implications that render the tools unsuitable



How to make dimensional analysis easy?

• Use precise dimensional representation

• Infer the units of variables based on program source code

• Repair errors automatically

The resulting approaches are called SA4U + Scalpel – Tools to 
analyze C++ codebases



All physical units can be expressed in terms of base units defined 
by the International System of Units (SI)

How to represent dimensions?
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Unit Measures
second time
meter length
kilogram mass
ampere electric current
kelvin temperature
mole amount of substance
candela candlepower



Dimensions are 𝑠×𝑏!
"!  where s is a scalar multiple,

r is a repair constant,
𝑏!  is a SI base unit,
and 𝑝!  is a real number

How to represent dimensions?
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cm = r × !
!""

×	𝑚!

loc.alt



How to represent frames?

A Frame is a static label that explains the reference frame where a 
measurement was obtained
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Type representation
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(
1
100

×	𝑟	×	𝑚!, 𝑓(𝑙𝑜𝑐𝑎𝑙))

loc.alt



Type algebra

If we have an expression like:
source: e1 * e2

model: 𝑒!: 𝐷!, 𝐹 , 𝑒": 𝐷", 𝐹

We can type it as:
 

𝑒!×𝑒": 𝐷!×𝐷", 𝐹

where 
𝐷! = 𝑠!	×𝑟!×𝑏	$

%!,# × 𝐷" = 𝑠"×𝑟"×𝑏	$
%$,# = 𝑠!×𝑠"×𝑟!×𝑟"×𝑏$

%!,#&%$,#  
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Type constraints

An expression like:

source: e1 - e2

Imposes the constraint:

model: 𝒕𝒚𝒑𝒆 𝒆𝟏 = 𝒕𝒚𝒑𝒆 𝒆𝟐
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How to generate repairs



Conclusion

• SA4U + Scalpel are practical programs to perform precise 
dimensional analysis and repair C++ source code 

• The dimensional analysis SA4U performs can have an impact 
beyond traditional software 

• Neuro-symbolic

• Design verification



Backup slides



How Scalable is SA4U & Scalpel?
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UTE Tool Firmware LoC Runtime

SA4U + Scalpel ArduPilot 848,562 2,215 seconds

SA4U + Scalpel PX4 197,795 689 seconds

Phys (SoA) ArduPilot 848,562 4,792 seconds

Phys (SoA) PX4 197,795 3,951 seconds



Repairing dimensional errors

ekf_origin.alt – loc.alt
!" = $!
% = &"

$" = !" + %
$! = $#

    

ekf_origin.alt
!" = −2
% = &!

$! = !" + %

loc.alt
!" = −2
% = &#

$# = !" + %

EKF_MAX_ALT_M
!" = *#	
% = &$

$$ = !" + %

ekf_origin.alt – loc.alt > EKF_MAX_ALT_M
$" = $$    



Repairing frame errors

handle_vision_speed_est(vel)
!"#$% ℎ#'()%_+,-,.'_-/%%(_%-0

= 2!(!"#$% +%) ) → ()
(2!= ,( ∧ 2!" = 0) ∨ (2!	 = 9:;<.=>;	 ∧ 2!" = 1)	

 

Vector3f vel{m.vx, m.vy, mvz};
!"#$% +%) = !"#$%($. ⟨!⟩)

else
$. !"#$%_,( = 9:DE>_FGHDF_9:;
!"#$%($. ! ) = 9:DE>_FGHDF_9:;

if (m.frame_id != FRAME_LOCAL_FRD)
∀$ ∶ 	$#+),'K_.(.$%0"L	. 	$. !"#$%_,( = M ⇒

!"#$% $. ! = M

{...}

$,',$,O% P
$
2$"


