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“Mathematics is important but

boring”
Kislenko et al. (2007)

“Mathematics is difficult to
understand” (71%)

“I am not able to understand the
meanings of mathematical
expressions” (70%)

Waswa, et al. (2023)
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Math Augmentation: How Authors Enhance the Readability of
Formulas using Novel Visual Design Practices
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Figure 1: A formula from computer graphics, visually embellished to improve its readability, from [5] (CC BY-NC-SA 4.0). One
author from our interview study created this formula and the accompanying colorized diagram and text to teach readers of his blog how to
implement the formula in source code. Like many of the formulas analyzed in this paper, this one makes use of color to draw attention to
conceptually important expressions in the formula, and to help a reader visually link those expressions to complementary diagrams and
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+ L(x,w,) (w; - n)

To find the light towards the viewer from a specific point, we sum the
plus
of the light coming from a any given direction multiplied
by the and
also by the irradiance factor over the normal at the point.

Note that incoming light is also computed by that very formula, which
makes this exhaustingly recursive.

prose. Contents of the blog post (formula, prose, and diagram) have been rearranged in this figure to emphasize the formula.
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Acceleration is defined as the rate of change in velocity to the

change in time.
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Final velocity

Time taken
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RQ How do augmentations affect reading experiences?

R What is the maximum number of augmentations that
Q can be added before it becomes overwhelming?
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0 = P(y,9(f (2, e(u)), h(a)), g(e(u), h(e(2)))) — Fravorsertoge
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First-order Logic

é PN Extent
"~ ,./\\ P —— ,./\ / Augmentation

= P(y,9(f(z,e(u)),h( a )),g(e(u), h(e(z
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Online Survey

28 Participants

Version A
flx) | f(x) f(x
Plain Color Extent

Version B
f(x) f(x) f(x)
Color Extent Plain
Version C
. i Max
Extent
Extent Plain Color
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How do augmentations affect reading experiences?

Mathematical formulas with augmentations are rated
as easier to read compared to those without.

The use of colors is more effective than extents in
Improving readability and understanding.
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o = P(y,9(/(z.e(u))h(a)).g(e(w)h(e(2))))

What is the arity of P? *

Your answer

How easy was this formula to read? *

1 2 3 4 5

Very difficult O O O O O

Very easy
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Mathematical formulas with augmentations are rated
as easier to read compared to those without.

The use of colors is more effective than extents in
Improving readability and understanding.
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How easy was this formula to read?

Perceived Ease of Reading
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There was a significant difference between how easy people
perceived the formulas to read (X%(2) = 24.5;p < 0.05).
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How easy was this formula to read?

Post-hoc Analysis using Wilcoxon’s Matched-Pairs Signed Ranks Test:

H1

Augmentation Type Direction p-Value T-Value
Color Plain Greater p < 0.05 4.0
Extent Plain Greater p < 0.05 13.0
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How easy was this formula to read?

Post-hoc Analysis using Wilcoxon’s Matched-Pairs Signed Ranks Test:

Augmentation Type

Direction

p-Value

T-Value

H2

Color

Extent

Greater

p < 0.05

139.5
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Which augmentation do you prefer?

Frequency

18

16

14

12

-
o

0o

Preferred Augmentation

1

m Plain W Extent
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RQ What is the maximum number of augmentations that

can be added before it becomes overwhelming?

There is a threshold for how many colors can be
added.

There is a threshold for how many extents can be
added.
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For the following formula, please select
which version you prefer the most.

Option 1:

o7 = P(y,9(f(z,e(f(w)), h(a))), g(e(w), h(e(2)))) ,
Option 2:

o7 = P(y,9(f(2,e(f(w)), h(a))), g(e(w), h(e(2)))) ,
Option 3:

pr = Py,9(f(2,¢(f(u),1(a))), g(e(u), h(e(2))))
Option 4:

o7 =P(y,9(f(z,¢(f(u)), hla))), g(e(u), h(e(2))))
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There is a threshold for how many colors can be
added.

There is a threshold for how many extents can be
added.
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Please share any thoughts/ comments you have about
the augmentations used in this survey.

Do you think augmentations in general can improve
readability and understanding?
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Flexible

Sensory f(X)

Overload

Color

Accessibility
Concerns

f(x)
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“Yes, more colors please. Like in
my IDE.

“Sure, but | want to stress
the principle form follows

“I...] Ideally, the user function.”

should be able to
choose between
different
augmentations.”

“Yes, to a limited extend.
Too much augmentation
can be confusing|[...] ”
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Limitations

Do we really test
Understanding?

Ceiling Effect

Reliability of Self-Report
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Limitations Future Work

Do we really test Other Performance Measures
Understanding? Other Augmentations

Connection between

Ceiling Effect Content & Augmentations

Test Augmentations in the

Reliability of Self-Report Field with Real Work
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Take-Aways
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Take-Aways

f(x)

> —— P

Extent
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Take-Aways

f(x)
N

Extent

Comprehension and as such the effect of
augmentations is a difficult concept to test!
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4.1.2 Positions, Size and Depth

It follows from the definitions of terms and formulas that they have a tree-like structure.
For referring to a certain subtree, called subterm or subformula, respectively, sequences
of natural numbers are used, called positions. The set of positions of a term/formula is
inductively defined by:

o pos(z) := {e} if x € X, where X is the set of variables

o pos(—yp) :={e} U{lp|p € pos(y)}

 pos(p o) :={e}U{lp|p € pos(p)} U{2p|p € pos(¢)}
. 8(8 t) :== {e} U{lp|p € pos(s)} U{2p|p € pos(t)}
o pos(f(t1,...,tn)) = {e} UUL {ip|p € pos(ti)}

. S(P(tl, tn)) = {e} UUi=1{ip| p € pos(t:)}

o pos(Vzyp) := {6} U {lp|p € pos(y)}

. p08(3w) i={e} U{lp|p € pos(y)}

where o € {A,V,—, ¢} and t; € T(X,X) for all ¢ € {1,...,n}. The size of a term ¢
(formula ), written || (|¢]), is the cardinality of pos(t), i.e., |t| := |pos(t)| (|| := |[pos(p)|)-
The depth of a term/formula is the maximal length of a position in the term/formula:
d(t) = max{|p[|p € pos(t)}/d(p) := max{|p||p € pos(t)}.

Example: pos(—P(f(z,g(a)))) = {€,1,11,111,112,1121} meaning its size is 6 and its depth
4.



Arity refers to the number of arguments a function or relation takes, i.e. function and
relation symbols have arity n € N with n > 0. Function symbols with arity n = 0 are called
constants. For a symbol s(t1,...,t,) n is the arity of s or s is n-ary, e.g. g(x,y) has arity 2.

In the following () is a relation symbol, c,e, f, g, h are function symbols and u,z, z are
variables.

Give the arity (i.e. a natural number) of the function symbols ¢, e, f, g, h and the relation
symbol () for the following formula:

N\
7 N
N
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s =
¥ = Q(f(e(2), g(e( ¢ ),w)),z,h(g(w,f(u,vc ))))
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Option 1:
Ao = P(f(a,g(h(e(a)))), y, 9(f(a,e(h(g(b))),v), h(a)), d(e(h(e(a, f(z,u, g(v, h(D))), h(e(a), 2))))))
Option 2:
Ao = P(f(a,9(h(e(a)))),y, 9(f(a,e(h(g(b))),v), h(a)),d(e(h(e(a, f(z,u, (v, h(D))), h(e(a), 2))))))
Option 3:

Mo = P(f(a,9("(ela)))),y,9(f(a,c(h(g(b))),v), h(2)),d(e(h(ela, f(z,u, g(v, h(D))), h(e(a), 2))))))

Option 4:
Ao = P(f(a,g(h(e(a)))),y,9(f(a,e(h(g(b))),v), h(a)),d(e(h(e(a, f(z,u, g(v, h(b))), h(e(a), 2))))))



Option 1:
Ao = P(f(a, g(h(e(a)))),y, 9(f(a,e(h(g(b))),v), h(a)), d(e(h(e(a, f(z,u, g(v, h(b))), h(e(a), 2))))))

Option 2:

A 7 ™ W~ 7. 7 )
y »9(f(a,e(h(g(b))),v), ha)),d(e(h(e(a, f(z,u, g(v, h(D))), h(e(a), 2))))))

-~

Mo = P(F(a, 9(h(e(a)))),

Option 3:

N N N
7 N N 7 N

—_—~— A~ N —— ~ = ~
Ao = P(f( e ,9(h(e(2))): v, 9(f( a ,e(h(g(®))), v )h( a )),d(e(h(ela, f(z;u, 9(v, h(D))), h(e(a); 2))))))

-~ ~

Option 4:
-~ - ~ ~ -~ - ™~ 7~ N\ Y
—fN— N - - ~ ~N N ~ =~ N - -

A~ — A~ A -
Ao =P(f( a ,g9(h(e( a ), vy ,9(f( a ,e(h(g(\b/))), v ),h( a )),d(e(h(e( a ,f(z , u ,9( v ,h(b))),h(e( a ), z)))))
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Demographics
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How easy was this formula to read? *

Very difficult O O O O O Very easy

How easy was it to solve the task? *

Very difficult O O O O O Very easy

How helpful was the use of ...7 *

Not helpful at all O O O O O Very helpful



How easy was it to solve the task?

Perceived ease of solving task
14

12 11

10
8
6
4
4
2 I
0

There was a significant difference between how easy people
perceived the task to be solved (X*(2) = 16.8;p < 0.05).
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How easy was it solve the task?

Post-hoc Analysis using Wilcoxon’s Matched-Pairs Signed Ranks Test:

Augmentation Type Direction p-Value T-Value

Plain

Color

Less

p < 0.05

Color

Extent

Greater

p < 0.05

85.5




How helpful was the use of

t)

Wilcoxon’s Matched-Pairs Signed Ranks Test:

Augmentation Type

Direction

p-Value

T-Value

Color

Extent

Greater

p < 0.05

211




Quiz Results

Extent

Correct

Correct*

* Excluded participants that answered only “x”
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