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Abstract

The goal of this study is to examine children’sasition of
Mandarin Tone 3 Sandhi (T3S) in flat structuredle®es in
flat structures are parsed either in binary fegtnfieft to right,
followed by incorporation of an unparsed syllableio one
large prosodic domain [1-3]. We used an eliciteddpction
task to examine non-cyclic parsing strategies inST3
application in sequences of two, three, and fivgitsli 46
children (ages 3 & 5) and 20 adults were testea rEsults
show that children could apply T3S non-cyclically digit
sequences, although there were over- and undeicah
errors. In a five-digit sequence, adults (but nabildcen)
produced the predicted binary foot followed by ia&ey foot.
All age groups used an unpredicted pattern madetefnary
foot followed by a binary foot, which challenge® tprevious
account [1-3]. We argue that there is a clear agrakntal
pattern in children’s acquisition of T3S in flatwsttures, and
suggest that foot-building in digits does not als/éyllow the
typical foot-building process.

Index Terms. Mandarin Tone 3 Sandhi, flat structures,
prosodic domains, non-cyclic parsing, child languag
acquisition

1. Introduction

T3S changes a Tone 3 (T3, low dipping tone) to ReTd (T2,
mid rising tone) when it is followed by another Eo8 [1-3].
T3S requires setting up the prosodic domains withirich
T3S applies so that adjacency can be defined. @jpic
syntax and prosody both play vital roles in thelding of
such domains. In a flat structure, there is no ausitipnal
building of a tree, so all the syllables are ardyabot
hierarchically organized. A flat structure therefaerves as a
perfect opportunity to investigate T3S with theusmn the
prosody alone.

To our knowledge, there are no previous studies on
children’s acquisition of T3S in flat structures .ge
polysyllabic names and sequences of digits) buwipus
studies suggest early acquisition of Mandarin T8n®andhi
(henceforth T3S) [4-8].

Our study examines how children build prosodic diors,
in the context of two, three, and five digits. Witlates T3S
depend on when there is “no syntax” for it to reti@? The
issues we are concerned with in T3S applicationfla
structures are the following: (i) foot building; i)(i
incorporation of syllables that have not been mhisto foot
structures; (iii) directionality of foot buildindn addition, we
are interested in additional parsing patterns imltadand
children and also in children’s developmental patt@ the
acquisition of T3S in flat structures and whatelig us about
children’s way of grouping syllables into largeritsn

1.1.T3S in flat structures

Syllables in flat structures are parsed eitherigylthbic feet
from left to right [1-3, 9, 10], followed by incoopation of an
unparsed syllable into its preceding foot, or ineolarge

prosodic domain [1-3]. A disyllabic foot is a prefx foot
structure in Mandarin Chinese, and such binary ¢oatprises
the basic T3S domain within which T3S must applij[For
the binary pattern, three elements are crucialbiiary foot-
building, (ii) left to right parsing, and (iii) irmporation of
unparsed syllables. For convenience, we refer ¢ésehhree
crucial elements as-to-R-Bin-Incorp The example in (1)
shows a five-digit string, which is parsed into tdisyllabic
feet, followed by incorporation of the unparsedatyle (ST1).
The larger domain pattern (ST2), which applies T3S
iteratively from left to right within one single @sodic
domain, is regarded as an alternative secondatysfasech
pattern [1-3, 11] or variant pattern [9, 10].

Q)wu wu wu wu wu
five five five five five ‘five-five-five-five-five’
T3 T3 T3 T3 T3 UT(= underlying tones)
(T2 T3) T3 T3 T3
(T2 T3) (2 T3) T3
(T2 T3) (T2 T2 T3) ST1 (= surface tones 1)
(T2 T2 T2 T2 T3) ST2 (=surface tones 2)

(A boldtypeT?2 indicates a derived sandhi tone.)

Results from an acoustic experimental study [1Bgne
adult participants were asked to produce senteatdkree
speech rates, slow, normal, and fast show that beathR-
Bin-Incorp and larger domain parsing strategies are attésted
slow and fast speech rates.

1.2.Research questions, hypotheses, and predictions

Our study examines how children and adults pamsegst of
digits prosodically and whether or not they prodube
predicted patterns in (1). We ask the following stigms: (i)
When the larger domain pattern is not used, isrpiparsing
the main foot-building strategy? (ii) In theto-R-Bin-Incorp
pattern, is an unfooted syllable incorporated ateeighboring
foot in odd number of syllables? (iii) What is tthieectionality
of foot-building in flat structures? (iv) lk-to-R-Bin-Incorp
the dominant parsing strategy in flat structurggpis there a
developmental pattern in children’s acquisitionT@S in flat
structures?

We put forth four hypotheses regarding questiaris) (
(H1 — H4) [1-3, 9, 10]Binary parsing (H1): Binary feet are
built iteratively until no more binary foot can beuilt;
Incorporation (H2): If there is an unparsed syllable, it is
incorporated into a neighboring foddjrectionality L to R
(H3): Binary feet are formed from left to right (based 86
models [1-3, 9-10]);Binary dominance (H4): L-to-R-Bin-
Incorp is the dominant parsing strategy. In addition]drken
may have structurally different domains in prodoicti
planning due to their more limited processing resesi [13].
We hypothesize that children may not produce ladgenain
parsing as much as adults can, and that their gimso
strategies and T3S acquisition develop with tirReosodic
and T3S development (H5)is put forth: Children produce



less larger domain parsing than adults and T3Slojgyeavith
age.
Predictions for sequences of two, three, and Tigaligits
are (i) T2T3), (ii) (T2T2T3), and (i) [2T3)(T2T2T3) or
(T2T2T2T2T3), and L-to-R-Bin-Incorp is the dominant
parsing strategy. In addition, we expect childrenptoduce
the larger domain pattern less frequently than tadamd 5-
year-olds have a higher correct rate than 3-yeds-ol

2. Methodology

2.1.Participants

Sixty-six subjects were recruited in Taichung, Taimfor this
study. Table 1 shows the distribution of three ggmups: 3-
year-olds, 5-year-olds, and adults (as the cognalp).

Table 1.Distribution of the subjects

Agegroups N Agerange Mean s.d.
3-year-olds 18 3;4-3;11 4:4 2.42 (mo.
5-year-olds 27 5;1-5;11 6;3 3.05 (mo.)
adults 20
2.2.Materials

Digits from 0 to 9 are all single syllables in Mamth. Except
for “5” and “9” which are in Tone 3, all the rest the digits
are in Tone 1, Tone 2, or Tone 4 (i.e. non-T3s}difts “5”
and “9” were used as the test items, and non-T&sdvgere
used as the control items and in the practice @essi

In the control items, the surface tones and thaerying
tones are the same because non-T3s are not afiegt€ds.
In the test items, T3S applies according to howdtneg of
syllables is parsed. Surface tones differ from uyde tones
due to T3S application. A non-T3 digit(T4) ‘four’ was used
in the practice session. Two T3-digits! ‘five’ and jiu ‘nine’
were used in two-, three-, and five-digit sequeraeshe test
items (i.e. 55, 555, 55555; 99, 999, 99999). Two-M8 digits
er (Tone 4) ‘two’ andsan(Tone 1) ‘three’ were used in two-,
three-, and five-digit sequences as the controhstéi.e. 22,
222, 22222; 33, 333, 33333).

2.3.Procedure

An elicited repetition task [14, 15] was used. &lliildren and
adults were tested individually in a quiet room. the digit
appeared on the screen of a laptop computer, theriexenter
asked the child what it was. This was to make sha¢ the
child knew the digit and could say it with the urigimg tone
correctly. The experimenter said, “What's this?biging to
the digit on the screen). After the child gave #mswer, she
was told to hold out one hand just like the experitar
showed her, with five fingers up straight. Then the
experimenter gently bent down three of her fingézaying
two up and said, “You say it (pointing to the digih the
screen) when | tap your fingers, okay?” As two érgwere
up, the child said the digit upon each of the twmdrs was
tapped by the experimenter's index finger. The same
procedure was followed for the 3- and 5-digit semes,
although the numbers of fingers shown differ.

Adults also saw the digit on the computer scréem were
instructed to say the digit two, three, and fivees. All
subjects’ responses were recorded on a Marantz BRIRMGh
an Audio-technica miniature clip-on microphone (SI8
Cardioid Condenser Lavalier microphone).

3. Results

3.1.Controls and test items

We first present the results of the control item3able 2. Itis
clear that saying the non-T3 digit for five times the
experiment poses no problem for children.

Table 2.Control items (non-T3 digits)

Number of

GO [e]e]¢) GOGO00

syllables % (N) % (N) % (N)
3-year-olds 100 (33/33 100 (33/33 100 (37/37
5-year-olds 100 (54/54 100 (54/54 100 (54/54
Adults 100 (40/40 100 (40/40 100 (40/40

For T3-digits, while adults did well in the teders
(97.50% correct in two, three, and five syllables)ildren’s
correct rates dropped dramatically for T3 seque(fEigs 1).

97.50 97.50

testitems

Figure 1:Correct rates in control and test items by age gou

Since children did perfectly in the control itefi8S is the
source of difficulties which caused the dropping cofrect
rates in both child groups. There is only one atidp
surface pattern,TRT3) and [2T2T3) for two-syllable and
three-syllable test items, respectively. Theseipted patterns
match what adults produced, and were also attested
children. For five-syllable items, the predicteditpms are
(T2T3)(T2T2T3) and T2T2T2T2T3), with the former pattern
attested in adults only, and the latter patteres&d in all age
groups. An additional patterm2T2T3)(T2T3) was found in
adults as well as children. (See Table 3.)

Table 3.Correct rates (%) in test items (T3 digits)

T3- GG GGG GGGG0 Total
digits (23) | (223) | (22223) (23)(223)(223)(23)

3 2851 | 27.0: | 16.6i 0 5.5€ [22.2Z
(10/35{(10/37 | (6/36, (0/36, (2/36.

5 59.2¢ | 66.67 | 61.11 0 7.41 |68.5Z
(32/54'|(36/54'| (33/54 (0/54; (4/54.

A 97.5( | 97.5( 70 22.5( 5 97.5(
(38/40'|(39/40 | (28/40° (9/40° (2/40

The most common surface pattern in all age grasipise
larger domain pattern. Five-year-olds’ correct sadee below
70% and they are far from adult-like. The correterof about
20% shows that 3-year-olds had a lot of difficudtigith T3S
in the test items. The predictef2(I'3)(T2T2T3) is missing in
both child groups.

Logistic regression analyses were conducted farecb
and incorrect responses in flat structures. Theltefor two-,
three-, and five-digits will be presented sepayatel

Two T3-digits The results show that age is significant (chi
square = 46.067, p < .001 with df = 2). For correatface
patternT2T3 relative to errors, both 3-year-olds and 5-year-
olds are significantly different from adults in T2®plication



in two T3-digits and they are less likely than aslib have the
correct surface pattern ®2T3 (3-year-olds: Odds Ratio (OR)
=.010, p < .001; 5-year-olds: OR = .037, p = .002)ere is
also a significant difference between 3-year-oldd &-year-
olds (OR =.275, p =.006).

Three T3-digits The results show that age is significant
(chi square = 48.539, p < .001 with df = 2). Farreot surface
patternT2T2T3 relative to errors, both 3- and 5-year-olds are
significantly different from adults in T3S appligat in three
T3-digits (3-year-olds: OR =.009, p < .001; 5-yelts: OR =
.051, p = .005). There is a significant differermtween 3-
year-olds and 5-year-olds (OR =.185, p <.001).

Five T3-digits The results show that age is significant (chi
square = 71.132, p < .001 with df = 6). For five-digits,
three surface patterns were attested in adultsgedlatomain
parsing 22223), Binary-Ternary parsing 28)(223), and
Ternary-Binary parsing2@3)(23). The last pattern, Ternary-
Binary parsing, is not predicted byto-R-Bin-Incorp but was
attested in all age groups with a low frequencydar-olds:
5.56%, 5-year-olds: 7.41%, and adults: 5%). Fomgdar
domain parsing242223) relative to errors, 3-year-olds and 5-
year-olds are found to be significantly differemprh adults,
and both child groups are less likely than adutase the
larger domain parsing strategy (3-year-olds: ORG8,.(p <
.001; 5-year-olds: OR = .069, p = .012). Three-ydds and
5-year-olds are significantly different (OR = .1}0< .001).
For Ternary-Binary parsing—2€3)(23) relative to errors, 3-
year-olds are found to be significantly differenvrh adults
(OR =.036, p = .020) while 5-year-olds are not (OR.£8, p
= .112). The two child groups are not significardijferent
from each other (OR = .304, p =.195).

3.2.Children’s T3S Errors

The T3S error analysis is focused on children’orsriby
comparing 3-year-olds’ errors to 5-year-olds’.
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Figure 2:Children’s error rates by type in flat structures
(OA: Over-application; UA: Under-application)

In Figure 2, there is a clear developmental trditek error
rates decrease by age, regardless of the erros.tyfieee-
year-olds are prone to make over-application erréise-
year-olds’ T3S errors do not show a strong tenderfayver-
or under-application in three- and five-syllablenits. In two-
syllable items, however, they tend to over-appl$T3

Logistic regression analyses were conducted fiddrem’s
error types in flat structures.

Two T3-digits Age is significant (chi square = 7.447, p =
.024 with df = 2). For both error types relative d¢orrect
surface patternTRT3), 3-year-olds are significantly different
from 5-year-olds (Over-application: OR = 3.100, p.026;
Under-application: OR = 3.986, p = .026). The OddsicRa
value indicates that 3-year-olds are about threggi more
likely than 5-year-olds to over-apply T3S rule. yrae four
times more likely than 5-year-olds to under-app®sT

Three T3-digitsAge is significant in three T3-digits (chi
square = 14.592, p = .001 with df = 2). For bottoetypes
relative to correct surface patterfi2l2T3), 3-year-olds are
significantly different from 5-year-olds (Over-apgaition: OR
= 6.400, p = .001; Under-application: OR = 4.40G; ©10).
The Odds Ratio value indicates that 3-year-olds6aietimes
more likely than 5-year-olds to over-apply T3S, dhey are
4.5 times more likely than 5-year-olds to undertaf[3S.

Five T3-digits The results show that age is significant (chi
square = 24.496, p < .001 with df = 2). For Oveplagation,
3-year-olds are significantly different from 5-yesdds (OR =
13.875, p <.001). The Odds Ratio value indicatas 3hyear-
olds are roughly 14 times more likely than 5-yelsdo over-
apply T3S. The two child groups are not signifitadifferent
in the error type, Under-application (OR = 3.23%, 1962).

4. Discussion

The adult T3S patterns attested in this study ampared
against the surface patterns predictedLbyp-R-Bin-Incorp

Binary parsing (H1) andIncorporation (H2) are supported
by adults’ answers ofT@T3) and T2T2T3) in the two and
three T3-digit items respectively, just as predictdo adults
produced two T3s in the two-syllable items. Thet fdat

(T2T3) was the only response in the adult group irtdthat
a binary foot is formed for two syllables. For tngyllable

items, if we had the answer typE23)(T3) or (T2T3)(T2), it

would be evidence againshcorporation (H2), but these
patterns were not attested in adults.

For testingH3, Directionality L to R, five T3-digits were
used. We cannot use three T3-digits to test doeatity,
partially because we were unable to disambiguaestiurces
of (T2T2T3) . This pattern can come either from (i) th#o-
R-Bin-Incorp parsing or (i) the larger domain parsing;
however, the unattested pattern TR33) in adults sheds
some light on this issue because TZ33) is a pattern that
results from right-to-left parsing, followed by wmporation of
the first syllable.

In five T3-digits, the Ilarger domain parsing
(T2T2T2T2T3) is the dominant pattern across age groups
(adults: 70%, 5-year-olds: 61.11%, and 3-year-0lds67%).
Adults prefer T2T2T2T2T3) to (T2T3)(T2T2T3), and
children show a very strong preference™T2T2T2T3) and
produced no T2T3)(T2T2T3). A possible interpretation of
the result is that treating the sequence of fiemiital digits as
an unanalyzed chunk (i.e. grouping them in oneclalgmain)
might be less marked in processing than segmerttieg
sequence through the process of foot-buildihgofR-Bin-
Incorp, resulting in a binary foot followed by a terndoot).
The former involved2 (Mid-High; MH) to be produced four
times and end with T3 (Low; L), and the latter itwes
producing the sequence of more alternations betweetwo
tones (MH-L-MH-MH-L), and hence may be more marlked
terms of production.

The predicted patternT2T3)(T2T2T3) was attested only
in the adult group, at 22.50%. Not a single childduced this
pattern. The fact thafTRT3)(T2T2T3) was attested, but not
(T3T2T3)(T2T3), gives strong evidence that left-to-right
parsing, rather than right-to-left parsing, was dise
Directionality L to R (H3) is supported by the adult data. In
addition, [2T3)(T2T2T3) confirmsincorporation (H2) that
an unfooted syllable is incorporated into a neighigp foot.
Interestingly, an unpredicted patterm2{2T3)(T2T3) was
attested across all age groups (under 10%), whiehwll
return to discuss.



Our child and adult results allow us to rejeinary

dominance (H4) since the larger domain pattern was the

dominant pattern across groups, not th&o-R-Bin-Incorp
pattern. Also, children produced fewer larger domnaétterns
than adults in the five-digit sequences, and the aofsthis
pattern increases with age (3-year-olds: 16.67%gds-olds:
61.11%, and adults: 70%). In addition, at age 3ldmn’s
correct rates for the test items were between 2@%%, and
at age 5, their correct rates were at about 60%6. TThese
results roughly translate to an increase in theecomrate by
40% in children’s T3S application in flat structare two
years' time. These findings lend supporPt@sodic and T3S

development (H5) Five-year-olds are still in the process of

mastering T3S and still do not have adult-like perfance,
which leads us to the discussion of children’s E88rs.

The most common error type for 3-year-olds is ever

application (e.g. T2T2, *T2T2T2, *T2T2T2T2T2),
indicating that although they have the knowledgelainging

a T3 to aT2 when followed by another T3, they have

difficulty maintaining the underlying tone for thghtmost
digit. The over-application can be over-generaiiratbof the
T3S rule, or it can be due to children’'s difficulty
production. After a few T2 it is easier to repeatanore T2.
Five-year-olds had a relatively smaller proportioh such

error type, but another common error type emerged—
*T2T3T2 and fT2T3T2T3T2. This is a rather interesting

finding that strongly indicates that they are udimgary foot-
building. These errors can beaccounted for if the
“incorporated” element was removed fronlL-tb-R-Bin-

Incorp.” Maintaining the same tone in a sequence (e.g.
*T2T2T2T2T2 or *T3T3T3T3T3) may be easier for 3-year-

olds. Alternatively, but not as likely, three-yedds might not
have noticed the alternations betwd@hand T3 in binary feet
(when a binary parsing strategy is used) that 5-glls have
noticed. It should be emphasized thaT3T2T3T2 is not

the only possible error pattern that has alternatibetween

Both predictedbarsing patterns are attested in the adult data.

The unpredicted patternT2T2T3)(T2T3) may result from
digit-grouping strategies. We suggest that footetig in
digits does not always follow the typical foot-laliilg process.
T3S in longer digit-sequences (e.g. 7, 9, 11 digisn be
further investigated to test the use of a combamatf binary
and ternary feet. Alternatively, repeated monosytiavords
(flat structures) can be tested in future studeesdntrol for
the factor of the possible digit-grouping in digéguences.
Regarding children’s acquisition of T3S, 3- andeay
olds can apply T3S non-cyclically in digit sequencathough
under- and over-applications are common error typhsre is
a clear developmental pattern in children’s actjoisiof T3S
in flat structures as their parsing strategies gvevith time.
Five-year-olds’ distinct error patterns, T2T3T2 and

*T2T3T2T3T2, suggest that at age 5 (but not age 3), children

are aware of the binary parsing strategy, althoilgly have
not fully acquired the incorporation of an unparsgiible.
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5. Conclusions

The predicted patterns for two- and three-digit useges
matched the patterns produced by children and sdiita
five-digit sequence, adults (but not children) progd the
pattern T2T3)(T2T2T3) predicted by.-to-R-Bin-Incorp The
larger domain patternTR@T2T2T2T3) was the dominant
pattern found in all age groups, and its use irsgeavith age.



