
Pearlmutter & Mendelsohn 1

Serial versus Parallel Sentence Comprehension

Neal J. Pearlmutter and Aurora Alma Mendelsohn

Northeastern University

Send correspondence to either author:

Psychology Dept., 125 NI, Northeastern Univ., Boston, MA 02115

E-mail: pearlmutter@neu.edu, amendels@lynx.dac.neu.edu

Phone: (617) 373-3040, (617) 373-5551

Fax: (617) 373-8714

Manuscript dated December 14, 1998; comments welcome.

Please do not cite or quote without permission.



Pearlmutter & Mendelsohn 2

Human sentence comprehension theories attempt to explain how people combine

individual word meanings to create the more complex meaning of a complete

sentence. The intuitively smooth and seamless nature of this process, however,

belies substantial complexity, which can be seen in the resolution of temporary

ambiguity. Temporary ambiguity occurs when a partial sentence is consistent

with multiple possible interpretations (cf. Bill believed the woman wholeheart-

edly and Bill believed the woman was lying, where the �rst four words are con-

sistent with either of two very di�erent meanings). Ambiguities are ubiquitous

in natural language, but for the most part are not consciously detected because

of the pro�ciency of the human sentence processor. Speci�cally, comprehen-

ders successfully interpret sentences that resolve with either possible meaning,

typically without ever becoming aware of alternative interpretations. Here we

show that comprehenders presented with temporary syntactic ambiguities in

which a secondary interpretation became implausible had more di�culty than

when the secondary interpretation remained plausible, while they simultaneously

maintained the primary interpretation. This sensitivity to a secondary interpre-

tation provides the �rst direct evidence that, despite our conscious intuitions,

the human language comprehension system considers multiple interpretations in

parallel and is not limited to considering only one alternative at a time.

Temporary ambiguities create a problem in language comprehension because they require

the comprehension system to make decisions under uncertainty which are potentially costly

in terms of computational resources. Two basic kinds of models have been proposed to handle

ambiguity: In a serial model, the comprehension system selects a single interpretation on

some basis, and only considers other alternatives if its �rst choice turns out to be wrong.

When the system's �rst choice is correct, this model is optimally e�cient, expending no

resources on possibilities that turn out to be irrelevant. However, if its �rst choice turns

out to be wrong, reanalyzing the ambiguity may be time-consuming and disruptive. In a
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parallel model, the comprehension system attempts to maintain all possibilities (or at least

the a priori most likely ones) to guarantee that the right one will be available when required.

Parallel models avoid the need for costly reanalysis, but they can require substantially more

resources during the processing of the ambiguity.

The choice between a serial and a parallel system has always been considered critical

in de�ning sentence comprehension theories1�5, but the issue has rarely been directly in-

vestigated: Numerous studies have revealed that comprehenders prefer one alternative over

others when reading an ambiguity6�13, ruling out a model in which multiple alternatives are

all equally available. However, while these results are consistent with serial models, they are

also compatible with ranked-parallel models, in which multiple alternatives are computed

and then ranked according to various criteria4;5;14�17. In general, the existence of a preference

does not indicate whether the non-preferred alternative was never constructed and thus must

be computed at some cost when required (as in a serial model), or whether instead the non-

preferred alternative is available, but the reordering process imposes a cost (as in a ranked-

parallel model). Evidence supporting a ranked-parallel model is also quite limited: Compre-

hension di�culty at disambiguation (the region of an ambiguous sentence where all but one

interpretation is ruled out) correlates with properties of alternative interpretations13;18;19,

suggesting that multiple interpretations have been considered. But because these correla-

tions occur at disambiguation, they can also be explained in a serial model as the result of

rapid correction of an earlier incorrect selection, with the di�culty of the correction process

depending on properties of the alternative interpretations20.

In order to provide direct evidence about the serial versus parallel distinction, we exam-

ined an ambiguity in which we could hold constant properties of the preferred interpretation

while manipulating properties of the non-preferred interpretation. This allowed us to test

for the presence of the non-preferred interpretation prior to disambiguation, which is where

the predictions of the serial and ranked-parallel model di�er. In order to cover the full range

of possible serial models, we divided such models into two groups. The �rst is deterministic

serial models6, in which the comprehension system always selects the same interpretation for
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a given ambiguity. When the preferred interpretation turns out to be correct, these models

always consider only that interpretation, and thus manipulations of the non-preferred inter-

pretation should have no in
uence on comprehension. The second alternative is a probabilis-

tic serial model10;11. In such models, a single alternative is chosen, but although the preferred

interpretation is the more likely choice, the non-preferred interpretation will occasionally be

selected instead. We contrasted each of these serial models in turn with ranked-parallel

models, using the ambiguity exempli�ed in Ex. 1.

(1) a. The report that the dictator described the country was clearly false. (ES)

b. The report that the dictator described was clearly false. (RC)

In Ex. 1, at the word described, the sentence so far is ambiguous between an embedded

sentence alternative (ES; Ex. 1a) and a relative clause alternative (RC; Ex. 1b). In the

ES case, a full embedded sentence (the dictator described the country) follows report and

speci�es the content of the report. In the RC case, report is followed by a relative clause

(that the dictator described), which cannot be a complete sentence on its own. Instead, the

RC modi�es the preceding noun report. The most critical di�erence for our purposes is that

what is described by the dictator in the two interpretations is di�erent: In Ex. 1a it is the

country, whereas in Ex. 1b it is the report.

Prior investigation of this ambiguity established that the ES alternative was preferred

(NJP & AAM, unpublished data). Thus in a sentence like Ex. 1a, where the ES interpretation

turns out to be correct, a deterministic serial model will select the ES interpretation initially

and will never consider any others. Manipulations of the RC alternative should not be

noticed. A ranked-parallel model, however, should be sensitive to manipulations of either

interpretation, because it will compute them both. To test these predictions, we manipulated

the plausibility of the RC interpretation by varying the verb within the ambiguous region,

as illustrated in the contrast between Exs. 1 and 2.

(2) a. The report that the dictator bombed the country was clearly false. (ES)

b. The report that the dictator bombed was clearly false. (RC)

In Ex. 1, the verb described renders both the ES and RC interpretations plausible: A
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report can plausibly be about a dictator describing something, as in the ES interpretation in

Ex. 1a; or a report can itself plausibly be described by a dictator, as in the RC interpretation

in Ex. 1b. In Ex. 2, however, the verb bombed selectively renders the RC interpretation

(Ex. 2b) implausible: It would be rather unusual for someone to bomb a report. On the other

hand, the ES interpretation, as eventually required in Ex. 2a, remains plausible throughout.

This manipulation of plausibility was veri�ed with independent ratings.

Thirty-six stimulus pairs like that in Exs. 1a and 2a were constructed, along with corre-

sponding unambiguous controls as in Ex. 3. The insertion of showing in Ex. 3 rules out the

RC interpretation in advance, so the ES interpretation is the only possibility.

(3) a. The report showing that the dictator described the country was clearly false.

b. The report showing that the dictator bombed the country was clearly false.

The stimuli were always resolved with the ES alternative (Ex. 1a or Ex. 2a), and that

interpretation was always plausible; but the potential RC interpretation, though never ac-

tually correct, was either plausible (e.g., Ex. 1) or implausible (e.g., Ex. 2) at the critical

verb (e.g., described/bombed). In a deterministic serial model, the RC interpretation should

never be considered and thus its plausibility should have no in
uence on comprehension. In a

ranked-parallel model, however, the RC interpretation will be computed and its plausibility

should in
uence comprehension, such that when it becomes implausible, it will create some

di�culty. Sensitivity to implausibility in comprehension manifests in numerous measures,

including event-related potentials, sentence ratings, and reading times13;21�24; we measured

it using reading times.

Comprehenders had no di�culty with the plausible ambiguous version (Ex. 1a) compared

to its unambiguous control (Ex. 3a) at the critical verb (e.g., described), indicating that

the ambiguity did not create di�culty as long as both the ES and RC possibilities were

plausible. However, when the RC alternative became implausible at the critical verb bombed

(Ex. 2a), comprehenders experienced di�culty relative to the unambiguous control (Ex. 3b),

in which the RC was never a possible interpretation (Fig. 1). Thus the implausibility of

the RC alternative hindered the reading of the ES sentences, indicating that the RC version
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was being considered, even though the ES alternative was preferred. This in
uence of a

non-preferred interpretation is incompatible with deterministic serial models and supports a

ranked-parallel approach.

=========================

Insert Figure 1 About Here

=========================

The probabilistic variant of a serial model, however, can also account for these data,

by assuming that the e�ect at the critical verb in the implausible conditions arises from

those trials in which the RC interpretation is selected instead of the typically-preferred ES

interpretation. Although this would be a minority of the trials (because the RC is non-

preferred), it might be su�cient to create an e�ect. To test for this possibility, we conducted

correlational analyses on the reading time data already collected. The predictor variable in

these correlations was ES percentage, which is the probability of each ambiguity-triggering

noun (e.g., report) being followed by an ES as opposed to an RC in free text. Analogous

measures have been shown to predict di�culty in other ambiguities5;7;10;11;13;23, and both

probabilistic serial models and ranked-parallel models predict that ES percentage should

in
uence the strength of the preference for the ES interpretation during the ambiguity. We

therefore �rst con�rmed this correlation, and then examined whether the same predictor

variable also predicted the strength of the preference for the RC interpretation, which is

where the predictions of the two types of models di�er.

The strength of the preference for the ES interpretation was measured as the size of

the di�erence in reading time between the ambiguous and unambiguous plausible conditions

(the ambiguity e�ect) at the disambiguating region (e.g., the country in Ex. 1a). If the

ES interpretation is strongly supported during the ambiguity, then forcing it at the disam-

biguating region should create no di�culty, and so the ambiguous condition should appear

like the unambiguous condition (in which the ES interpretation was the only possibility).

This prediction, made by both models, was con�rmed with a reliable correlation across items
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between ES percentage and ambiguity e�ect size (r = �:47, p < :005): At the disambigua-

tion, di�culty with the ambiguity increased as ES percentage decreased, indicating that

ambiguity-triggering nouns which more often occurred with an ES created less di�culty

when the ES alternative turned out to be correct.

The critical di�erence in predicted correlations between the models arises in the correla-

tion of ES percentage with the strength of the RC interpretation. Speci�cally, probabilistic

serial models require the ES and RC interpretations to be in complementary distribution,

because one or the other alternative must be selected. As the probabilistic preference for the

ES alternative increases, the preference for the RC alternative necessarily decreases. Thus

ES percentage should correlate with the strength of the RC alternative, as it did with the

strength of the ES alternative.

Ranked-parallel models, however, make either of two possible predictions about such a

correlation, depending on whether the speci�c model is competitive or not. In competitive

ranked-parallel models4;16;17, both interpretations are constructed, but they compete for

computational resources such that as one interpretation gets stronger, the other gets weaker.

This category of model makes the same prediction as probabilistic serial models: Factors

such as ES percentage, which in
uence the ES alternative, should also in
uence the RC

alternative. In non-competitive ranked-parallel models14;15, however, the two alternatives

do not necessarily directly compete with each other, and thus support for one alternative

can increase or decrease without in
uencing the support for the other alternative. In these

models, ES percentage should in
uence the ES alternative, but it should not in
uence the

RC alternative.

To test these predictions, we correlated ES percentage with the strength of the RC al-

ternative, which was measured by the size of the ambiguity e�ect at the critical verb (e.g.,

bombed) in the implausible conditions (Exs 2a and 3b). When the RC alternative is more

strongly supported, its implausibility will slow the ambiguous condition more relative to

its unambiguous control, in which the RC alternative is never considered. This correla-

tion between ES percentage and the ambiguity e�ect at the critical verb in the implausible
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conditions was not reliable (r = �:12, p > :55): The amount of disruption caused by the

implausibility of the RC alternative did not depend on how often the ambiguity-triggering

noun took one alternative over the other. This result is incompatible with probabilistic serial

models, because they require ES percentage to correlate with both the plausible and implau-

sible condition ambiguity e�ect measures. However, these results follow straightforwardly

from ranked-parallel models in which multiple alternatives are maintained without direct

competition, because the ES interpretation can be more or less strongly supported in such

models without altering the support for the RC interpretation.

Thus this set of results provides evidence against a view of sentence comprehension in

which only a single interpretation can be considered at a time, regardless of whether that

single interpretation is selected deterministically or probabilistically. Although comprehen-

ders processing a temporary ambiguity rarely have any conscious awareness of the ambiguity

at all, let alone of the presence of two possible interpretations, these results show that speak-

ers of a language are sensitive to multiple alternatives as permitted by their knowledge of

the language and its moment-to-moment constraints. Theoretical and computational mod-

els of human language comprehension that intend to capture properties of human language

performance must take into account this possibility.
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Methods

Plausibility Norming

The stimuli rated for plausibility were complete sentences beginning with the subject noun

phrase and the plausible or implausible verb of the embedded clause. The verb was followed

by either the object noun phrase from the ES version of the ambiguity (e.g., The dictator

described/bombed the country.) or the noun phrase which triggered the ambiguity and was

interpreted as the underlying object in the RC version of the ambiguity (e.g., The dictator

described/bombed the report.). Stimuli were rated on a 7-point scale with 7 corresponding to

most plausible. The mean ratings of the plausible and implausible ES versions did not di�er

(5.7 and 5.8, respectively; t(35) = �1:13, p > :25). The mean ratings of the plausible and

implausible RC items di�ered as desired (5.4 and 2.6, respectively; t(35) = 17:85, p < :0001).

Procedure

One hundred twenty-four Northeastern University undergraduates read exactly one version of

each of the 36 stimulus items, mixed with 64 �ller sentences of similar length and complexity.

Sentences were presented one word at a time on a CRT using the non-cumulative self-paced

moving-window paradigm25. Sentences were displayed across two lines on the screen, but

all critical regions appeared on the �rst line of the display. Each sentence was followed by

a Yes/No comprehension question with feedback. Trials in which a participant incorrectly

answered the comprehension question were excluded.

Analysis

Analyses were conducted on length-corrected residual reading times8;9 trimmed at 2.5 SDs

within each condition; the same patterns were present in the correspondingly-trimmed un-

corrected times.
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ES Percentage Norming

Fifty-nine participants wrote completions for sentence-initial fragments such as The report

that, which permitted either an ES or an RC continuation. Each fragment began with the,

followed by an ambiguity-triggering noun from our stimuli (e.g., report) and the word that.

Di�erent participants saw di�erent orderings of the fragments. Each completion was coded

for whether it contained an ES or an RC, with ambiguous cases and uncodable responses

removed. For each noun, the percentage of ES continuations out of all ES and RC continu-

ations was computed.
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Figure Caption

Figure 1: Length-adjusted reading time8;9 (ms) for the critical verb (e.g., described/bombed),

where the plausibility of the RC interpretation was manipulated. The eventually-correct

ES interpretation was always plausible. The lack of a di�erence (F s < 1) between the two

plausible conditions in the left half of the graph indicates that the existence of ambiguity

alone did not create any relative di�culty, as long as both possible interpretations were

plausible. However, the substantial di�erence between the two implausible conditions in

the right half of the graph (F1(1; 123) = 8:13, p < :01, F2(1; 35) = 5:37, p < :05) indicates

that the implausibility of the RC interpretation created some di�culty despite its being the

non-preferred interpretation, revealing that the comprehension system must be considering

both possibilities and must therefore be a ranked-parallel system.
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