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Abstract: In this paper Systemic Thinking is considered as a general philosophy that, by suggesting a
“thinking globally, but acting locally” approach, can represent a paradigm shift in how we view the
world and a shift away from the view of reductionism or thinking about isolated parts that fit a
mechanistic model. After dwelling on the characteristics of Systemic Thinking, particularly on its
cross-disciplinary nature, we analyse why and how some mathematical application software
implemented as general problem solving tools involving low-medium level mathematical knowledge,
as well as some mathematical competences themselves, could play the role of mediators in supporting
and creating the conditions for systemic thinking development and in deepening external world
knowledge.

I ntroduction

Systemic Thinking (ST) is described by Licon Khisty as a genera philosophy that
suggests “thinking globdly, but acting locdly”. She writes that "Systemic thinking
represents a mgor paradigm shift in how we view the world; it is a shift away from
the view of reductionism or thinking about isolated pats that fit a mechanidic
mode.” (Licon Khisty, 1997). The term “systemic thinking” refers to the concept of
“sygem”. In this sense, the word "system" dands for "a (possbly complex) set of
glements that may be of diffeeent nature and which interact towards the
accomplishment of cetan objectives’. As this definition impliess a sysem's
components are not only the individuad eements composing it but dso the network of
interactions among them and their purpose.

Sygemic thinking is applied in various areas of red-world-life as a tool for
andysng and dedgning systems economic sysems, hedth sysems, educaiond
gysems, dectora systems, measurements systems, ec.; it is a cross-disciplinay
cgpability. Systemic thinking presupposes that one builds within his head a globd
scenario that represents the reference system to be worked on localy. Systemic
thinking is therefore a complex thinking process that develops through a sequence of
individud thinking acts, even of different nature.

Systemic thinking requires to be supported in each phase by one or more
representations systems (particulaly mathematical  representations) and  operating
modalities concerning the dements involved, both actud and virtud, menta or
externa (Bruner, 1966; Chesa & Tarrago, 1988; Tall, 1994).

In this pgper we andyse why and how some mathematica application software
implemented as generd problen  solving  tools  involving  low-medium  levd
mathematical knowledge and some mathematicad competences (moddling above dl)
could play the role of mediators (Vigotsky, 1987) in supporting and cregting the
conditions for sysemic thinking development and in degpening externd world
knowledge.

Technology and M athematics as Systemic Thinking mediators

We condder a sStuation (leasing contracts) that may be seen as an open problem; it is
a very common everyday dtudion that contains a strong mathematica component
(Lemut & Greco, 1999).

A brief account of the gtuation is provided, followed by an andyds of the
ressoning peformed by an adult, Enrico, who is fairly confident with mathematicd
tools and is used to handling computing devices (caculator, spreadsheet and software
programs for symbolic computation).

Sgning a lease is a farly common operation performed, for instance, when
running a shop, busness or public organisgtion. Leasing involves two subjects, the
leaser and the leaseholder. A prospective leaseholder may be given a choice between
various types of contract as the number of ingaments, the frequency of repayments
(monthly, sx-monthly, yearly), the amount of each ingtament, the depost to be pad



on sgning the contract, the fina price for redemption. Both parties will seek to enter
the type of contract which, from ther individud point of view, isthe most convenient.

Problem: Suppose you are a prospective leaseholder who wants to figure out how
leasing plans work and evaluate which of various options are the most convenient.

Phase 1

Enrico’s reasoning: Enrico examines the fird leasing plan: eight sx-monthly
ingdments of 24 million lire each, for a commodity coging 15 million lire (for
amplicity's sake, both the depost and fina redemption are disregarded). The lessor
infooms him tha under this scheme the agpplicdble annud interest rate is
goproximately 12 percent. Usng a pocket caculator, Enrico reckons the overdl
expense draight away as the product of 2,400,000*8=19,200,000. Then, by
caculating 19,200,000-15,000,000)/15,000,000%100, he infers that the interest
payable in four years is 28%, S0 the annud interest is 7% (28:4). But, in this way, the
result does not match the lessor's claim.

Analysis of Enrico’s reasoning: Enrico indinctively performs a few smple
(albeit incorrect) caculations suggested by the data a hand and by his competences,
both in mathematics (percentages) and economics. At the end of this phase he applies
a fira dage of sysgemic thinking (ST.1) when he checks whether the amount of annud
interest he worked out is conggtent with the information received from the vendor. He
then redises that his way of cdculating the interest rate is too ampligic, hence he is
gtimulated towards the acquisition of new knowledge.

Phase 2

Enrico’'s reasoning: He therefore requests further information and obtains the
following explandtion: @ each ingdment contans a capitd shae and an interest
share; b) the capitd and interest shares of each instament depend on the interest rate
related to the number of instalments per year; ¢) the capitd shares that are to be pad
back in successon must be cdculated usng the compound interest formula after n
periods:

instalment = capita* (1-+interest)",
hence  capitd = instalment* (1+interest) .

Analysis of Enrico’s reasoning: Enrico seeks out additiona information in order
to find further relationships within his data that might tel him what he wants to know.
In other words, he redises that he must discover other dements of the system
underlying lease contracts (ST.2). The intricate Stuation emerging from the new data
acquired tells Enrico that he needs a suitable ad for representing, quantifying and
processing the reationships he is trying to express. He is supported by an adgebraic
model he can manipulate.

Phase 3

Enrico’s reasoning: Enrico decides to give up the caculaior and resort to a
spreadsheet (Fig. 1). At the top of the sheet, he describes and represents the elements
relevant to the gtuation: vaue of the commodity (A1-Bl), deposit (A2-B2), number
of ingdments (A3-B3), frequency of repayments (A4-B4), ingament amount (A5-
B5), redemption price (A6-B6) and tota cost (A7-B7). Further down he applies the
suggested formulas and represents. @) the progressve number of ingadments from 1 to
8 (from A 10 to A17); b) the capitd share paid back within each ingament (from B10
to B17); ¢) the rdated interest share (from C10 to C17). Findly, he describes the
present valuein A19-B109.

Analysis of Enrico’'s reasoning: Enrico sets out a sysemic table (ST.3)
representing the data he has, the results he wants to achieve and the reaionships
between them. This organisationa effort is to a large extent aided by the software tool
he employs, the spreadsheet, and by his mathematicd competences (formulas writing
and manipulation), ether previoudy acquired or deepened just while usng the
Spreadshedt.




Phase 4

Enrico’s reasoning: To use the sheet in an effective way, Enrico needs to
goproximate roughly a sx-monthly rate (SR) he considers reasonable (0,035=0,07:2)
and enter it in cdl B9 (fig.28). Having done so, he automaticaly obtains a fird lease
plan, but the sum of the capitd shares therein (B19 in fig.2a) is out by 15 million lire
(commercid vaue of the commodity). He subsequently realises that, to be consstent
with the plan at the top of the sheet, he needs to come up with a six-monthly rate that
produces a sum equd to 15 million lire. He is told that a "search objective’ command
fulfils this purpose and so goplies it (fig.2a). In this way, he obtains in cdl B9 (fig.2b)
the Sx-monthly interest rate that has been actudly gpplied.

Analysis of Enrico’s reasoning: This phase is clearly guided by the characteristics
of the goreadsheet itsdf. Until Enrico comes up with a preiminary hypothess
regarding the six-monthly rate, the sheet caculates evidently incoherent results in the
cdls from B10 to B17 and from C10 to C17. When Enrico applies the "search
objective” command correctly, he is prompted to clarify the reationship between the
entities in quedtion, i.e. the amount of the individud ingdments and the interest rate
goplied, the sum of dl cepitd shares and the present value of the commodity. Enrico
uses this command to cdculate a what interest rate (B9 in fig.2b) the sum of the
copitd shares is actudised as 15 million lire, given the ingdment rate set in the
leesing plan (B5) (ST.4). The same command aso reckons the ingament amount the
vendor should fix if there was a rise or fdl in the gpplicable interest rate (the concepts
of varidble and parameter are crucid). This facility offered by the soreadsheet alows
Enrico to contemplate the Stuation from two points of view, his own as a buyer and
the vendor's, thus expanding his systemic view of the Stuetion (ST.5).

: A [ B | C
1 |commercial value 15000000
2 |deposit 0
3 |instalments number g
4 |perindicity six-montly
5 |instalment amount 2400000
6 |redemption 0
7 |total cost =B2+B3*B5+EB6
i}
9 |periodic rate
10 |1 =$BES*(1+$BE9)-410) =$BES-B10
11 |=A10+1 =$BES*(1+$BER)-AT1) =$BE5-B11
12 |=Aa11+1 =EBES*(1+$BE9)-A12) =$BES-B12
13 |=A12+1 =EBES*(1+$BE9)(-A13) =$BES-B13
14 |=413+1 =3B35%(1+3B39)(-A414) =$B$5-B14
15 [=A14+1 =$B$5*(1+$B39)~(-415) =%$B}5-EB15
16 [=415+1 =$B$5*(1+$B39)~(-416) =%$B}S5-B16
17 |=A16+1 =EEES*(1+ $BFO)-A17) =$BES-B1Y
18
19 |present value =50MMaCE10:E17)
20
Fig.1— Formulae used
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Fig. 2a— Present value (in B19) in case the six-monthly rate (B9) was 3,5% and “ search objective’” command.
Fig. 2b— The actual value of the six-monthly rate (in B9) has been automatically calcul ated



Phase 5

Enrico’s reasoning: To compare the sx-monthly rate (SR) he obtained with
the annua lessor's rate, Enrico tries to find out the annua rate (AR) on the bads of the
gx-monthly rate produced. He natices that, if an initid capitad H is expected to yidd
the same amount of interes no maiter whether this is caculated on an annud or Sx-
monthly basis, the equivdence H(1+SR)2=H(1+AR) has to be posed and manipulated.
From this, the reaionship between the six-monthly rate and the annua rate can be
worked out.

Enrico describes the annud rate in A60-B60 as ((1+B9)"2-1) (fig.3).

Analysis of Enrico’s reasoning: Enrico needs to formdise in mathematica
terms the new reaionship he has found in the sysem (ST.6). In this phase, Excd
cannot provide any dgnificant hedp and could essly be replaced by the caculator
Enrico used earlier on.

1a = leas.1:
A | B [ C [ D

1 |commercial value 15000000 15000000
2 |onaccount a a
3 |instalments number =] 45
4 |[periodicity six—-rmmonthly monthly

5 |instalment amount 2400000 400000
6 |redemption u] ]
7 |total cost 19200000 19200000
8

9 |periodic rate 0,055 0,010562829
10 1 2267633 132267 Z05819
11 2 21425867 257433 016582
12 I 20243949 375601 I87565
13 4 1912748 487252 383537
14 5 1807254 592746 379525
15 [} 17075792 692421 375561
16 7 1613402 786595 371635
17 g 1524418 g755582 367751
18 el 363907
19 10 260103
20 11 IEE33E9

Fig.3— Combéring B60-D60 's-uggeststhe leasing plan more convenient for the buyer.

Phase 6

Enrico’s reasoning: At this point, Enrico wonders whether he may be better
off paying back in monthly ingdments which are one sxth the amount of the Six-
monthly ones. He then insarts the data concerning this hypothesis on the sheet, s0 as
to compare the two dtuations. After the caculation (Fig.3), he finds the monthly
interest rate that would be applicable and caculates the related annua rate. He then
redises tha this second hypothess would be to his disadvantage since the annua rate
(D60) is higher than before (B60).

Analysis of Enrico’'s reasoning: Enrico is guided by his curiosty and
supported by the easy of representating a Stuation and getting information in a
Soreadsheet environment, using mathematical competences (formulas generdisation).
Making smdl changes to the sheet layout, he can compare the two hypotheses (ST.7)
he himsdf formulated (Fig.3) and weigh up ther financid impact both from his point
of view and from the lessor's. In this phase the soreadsheet is no longer just a mere
support, but (as a strong representation system) guarantees the conditions that make
systemic thinking (and new knowledge acquisition) possble and dlow it to develop
(ST.8).

Phase 7

Enrico’s reasoning: Enrico, who had never before wanted anything to do with
matters of this kind (even when he might have needed to), starts wondering what is
actudly behind leasng plans He especidly wonders what redionships there are
between the capitd and interest shares of each ingament. After representing the
interest shares Cn in the column C (as (B5-Bn) in fig.1) and operaing o the sheet in
afree way, he notices that C10=B9*B10.




Enrico wonders whether C11=B9*B11, C12=B9*B12 and so on. As a result, he can
see that this rdaionship does not hold true because the capita share diminishes while

the interest share grows (first free exploration). _ _
Adding temporary columns or usng empty cels in sheet aress that do not interfere

with the cdculaions, Enrico enters formulas to explore the sheet and make
conjectures (second and third explorations, fig.4). For ingance, he notices that C11-
C10 is equa to B9*B10, so he caculates C12-C11 and notices that the result is equal
to B9*B10+B9*B 11, and s0 on. He thus assumes that the interest payable for the
nth ingament is the result of

B9*B10+B9*B11+B9*B12+...+B9*Bn, i.e
Interest rate* (first.instalment.capital +second.instalment.capita +......... +nth.instalment.capital).

Analysis of Enrico's reasoning: As wel as in the phase 6, Enrico interacts
continuoudy with the sheet in order to make conjectures about further relationships
between the sysem's dements (ST.9) and to formdise them. His capabilities in
formulas manipulaion are crucia to look a the spreadsheet globdly but operate on it
locdly (ST.9).

| = leas.M.7T
A [ B [ C [ D E F
1 |commercial walue 15000000
2  |deposi 1]
3 |instalments number =]
4 |periodicity six-montly
S |instalment amount 2400000 free exploration hypotheses :
& redemption o e =i e - P s S9aSa 7 YES
F |total cost 19z00000 IR = RRACRIGRE R Laf 7 YWES
i}
3 |periodic rate 0,055372132
10 1 2267633 132367 132367
11 2 2142567 257433 125066 125066 257433
12 3 2024399 3755601 118165 118165 375601
13 < 1912745 457252 111651 111651 487252
14 =1 1807254 592746 105493 105493 592746
15 & 1707573 592421 99675 99675 592421
16 ? 1613402 756595 94178 94175 786595
17 =1 1524415 75552 8559584 55954 875582
18
19 |present value 15000000
20 |annual rate 0,120151569
21
Fig. 4— The second and third free explorations
Phase 8

Enrico’'s reasoning: He now verifies this conjecture in forma terms. In doing
0, he needs to draw upon his knowledge of agebra with the ad of a software
program for symbolic computing. This check is based on the assumption that the
lessor, at the end of each ingament &rm, has the same capital ghe would have had if
ghe had invested the leased amount a the same interest rate she charged the lease
holder.

Analysis of Enrico’s reasoning: The verification of his conjecture in this phase
leads Enrico to concentrate on the economic dgnificance of the objects involved
(ST.11) in order to find a key for formdisng his conjecture. Once agan he is
encouraged to put himsdf in the vendor's shoes and get a deeper ingght into the
gydem (ST.12). At this levd, the new software employed (a tool for symbalic
computation) and the mathematical competences necessxry for usng it in an effective
way, are once again able to support the process.

Conclusons

The analyss of Enrico's thinking processes while gpproaching the problem discussed
in the previous section, can cdarify how systemic thinking progresses during the study
of an open dtuaion and as both programs such as Excd  (involving drong
mathematica representation systems) and suitable mathematicd capabilities may play
the role of mediators in supporting and creating the conditions for the development of
systemic thinking, that has to be consdered as a very important and cross-disciplinary
way of reasoning.




Specificdly, our andyss points out that: @ open problem solving activities
require sudents to perceive and gradualy untangle the "sysem” that lies a the core of
the problem gtuation; b) achieving a globd view of a dtuaion (eg. Phase 4) and
being aile to understand and use mathematicdl models (algebraic modds and the
“search objective’ modd embedded in Excd) may help discover and formdise loca
actions that describe particular relationships between certain dements of the system,
c) reasoning on loca relationships (eg. Phases 6 and 7) that are to some extent
formdised may improve the skill of re-thinking a sysem globdly and reved aspects
that might otherwise have remained hidden.

We believe that among the reasons why certain software programs and suitable
mathematical knowledge may play the role of mediators in supporting and creating
the conditions for systemic thinking development, the following can be included: a)
they offer a grest variety of representation techniques and inherent functions, b)
students are forced to identify a “system” on which to operate; €) Sudents attention is
concentrated on interpreting and finding out relationships within the system; d) the
focus is on how to operate and not on executing operations, €) it is possble to satisfy
dudent curiosty as wel as to formulate, validate and verify conjectures, getting a
better understanding of a given system; f) sudents are encouraged to view matters
from various points of view and to andyse the meaning of specific software output.

From our analysis, it gppears dso that certain software environments can play
a crucdd role in sysemic thinking development when the following conditions occur:
users are asked to solve open gtudtions, tutors are very dtentive in grasping what
suggestion the user needs, and when; users have a srong motivetion or curiogty to
acquire new knowledge, users are inclined to gamble on the potentid of both
meathemeatics and the software in use.

Findly, we want to address the mutud influence between systemic thinking
and mathematicad capabilities. In this paper, indeed, we discuss the influence of some
mathematical capabilities to systemic thinking development, while in other previous
papers (Lemut & Greco, 1998, 1999), we discussed the opposite way of influence,
nanedy the centrd role of sysemic thinking in the acquistion of dgebrac and
geometrica problem solving capabilities (Arzarello, 1998; Galo, 1994) .

Concluding, we fed that follow-up sudies should focus on whether conscious
activaion of sysemic thinking in dgnificant problem Stuations under tutor guidance
(that is crucia in severd reasoning phases (eg. Phases 2, 3, 5, 7, 8 in our example)
could enable dudents to agpply this intdlectua “tool” in other cases. Preiminary
experience gained with adults and 14-15 year-old students seems to provide a postive
answer to this, and gppears to be in line with the statement that systemic thinking is a
“.way of thinking that, once adopted, permeates al thinking regardless of gStuations
or context.” (Licon Khisty, 1997).
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