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Abstract

The source text of this report is extracted from the fifth edition of
Principles of Neuroscience, which is known as the “bible of neuroscience”
and edited by Eric R. Kandel. The translator chose Chapter 33 as the
translation text, which mainly explores the relationship between exercise
and neuroscience. In the logical and professional text with well-organized
structure, there are a large number of terminologies and long sentences

During the translation practice, the translation of terminologies and
long sentences are the major difficulties. In terms of terminology
translation, the translator used a variety of tools to look up the
terminology, search for parallel texts, consult experts in the field of
neuroscience and participate in experiments in order to get the best
translation. In terms of long sentences translation, the translator adopted
the strategies of manifesting the implicit meaning, converting voice and
dividing sentences to conform to Chinese expression habits, so as to make
the logic clear, enhance the readability of the translated text and improve
the reading experience of readers.

Through this translation practice and case study, the translator’s
translation ability has been further improved from the accuracy of
translating terminology to the fluency of translating sentences. Also, she

has learnt to solve various translation problems through different
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translation strategies. In addition, the translator also deeply realizes that
scientific and technological English translation is one of the important
means of international exchange of scientific and technological
information, and doing a good job of translation in this field plays a vital
role in introducing advanced technology to our country and promoting
scientific and technological exchanges between countries.

It is worth mentioning that the Chinese translation of the original
text has not yet been found even through various platforms and channels
were searched. The book with its professional and scientific features has
detailed background information, which is fully in line with the basic
characteristics of scientific and technological texts. To achieve a
satisfying Chinese equivalence of the text is quite challenging. So this
text 1s very suitable to be used as a source text for translation. The
translator hopes that this translation practice might provide
methodological reference for other people engaged in the translation of

scientific and technological texts to a certain extent.

Key Words: Principles of Neural Science; scientific and technical
English translation; neuroscience; informative texts;

manifesting implicit meaning
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Chapter 1 Task Description

1.1 Task Background

The Chinese translation of the original text has not yet been found in multiple
platforms and channels. The translation task is Chapter 33 of the book Principles of
Neuroscience, with a total of 8606 words in the source language and 19721 words in
the target language (including footnotes), which is in line with the requirement of the
word count of the dissertation for master’s degree in translation.

In the realm of neuroscience, the intricate complexities of the human brain have
long been a subject of fascination and inquiry. Advances in technology and
methodologies have enabled researchers to delve deeper into understanding the
brain’s functions, structures, and the underlying mechanisms of neurological disorders.
However, the dissemination of this knowledge across different linguistic barriers
poses a significant challenge.

In recent years, neuroscience research has become a popular field, and its
application value in medicine, psychology, artificial intelligence and other fields has
been gradually recognized. With the increase of international exchanges, academic
books and papers in the field of neuroscience have been emerging. The Neuroscience
Translation Practice Report aims to introduce the international advanced neuroscience
research progress and achievements into China, and promote the development of
neuroscience field in China, so as to provide scholars, doctors, and researchers in the

related fields in China with useful references and lessons.

1.2 Source of the Task

The text selected for translation from the book Principles of Neuroscience
focuses on the brain and behavior, examining these from both microscopic and
macroscopic perspectives. Specifically, Chapter 33 delves into the realm of motor
functions, discussing commandments, signals, and systems related to movement. The

source text exhibits a logical and impartial approach, abundant in specialized
1
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terminology and lengthy sentences that are intricately linked through conjunctions and
adverbs. Within this text, the usage of non-finite verbs, prepositional phrases, and the

passive voice is notably recurrent.

1.3 Significance of the Practice

Neuroscience is an interdisciplinary field covering biology, psychology, physics
and philosophy. With the acceleration of globalization and the popularization of
scientific knowledge, academic exchanges and cooperation in the field of
neuroscience have become more and more important. In this context, the translation
practice in the field of neuroscience is of great significance.

First of all, translation practice in the field of neuroscience helps to promote
international academic exchanges. Due to language and cultural differences, there are
often barriers of communication between scholars from different countries and
regions. With translation and interpretation, the latest research results, academic ideas
and technological advances can be spread from one language to another, helping
scholars from different countries and regions to better understand each other. So,
translation can not only accelerate the progress of academic research, but also help
promote international cooperation and common development.

Secondly, the translation practice in the field of neuroscience helps to improve
the quality and level of translation. As neuroscience involves a wide range of fields
and is highly specialized, it requires translators to have a high level of academic
literacy and professional knowledge. Through the translation practice, the experience
and lessons gained from the translation process have been summarized to improve the
translator’s translation level and ability.

In conclusion, the translation practice in the field of neuroscience is of great
significance. It can not only promote international academic communication and
cooperation, improve the quality and level of translation, but also promote the
development and progress of neuroscience field. Therefore, we should pay attention

to the translation practice in the field of neuroscience, strengthen academic exchanges
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and cooperation, and jointly promote the development and progress of the field of
neuroscience artificial intelligence. China possesses substantial prowess in the realm
of high-tech development, which has led to the enhancement of people’s living
standards. Consequently, engaging in translation activities is instrumental in
advancing research into the integration of brain and computer systems, with the goal
of establishing more sophisticated artificial neural networks—a crucial element within

the domain of artificial intelligence.
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Chapter 2 Pre-translation Preparations

Translation activity is a complex process, and pre-translation preparation is the
first step. Doing a good job of pre-translation preparation and carefully analyzing the
original text can help translators understand the whole text in depth, grasp the overall
idea of translation, and reduce the burden of specific translation practice in the later
stage. The preparations might include analyzing the type of the text, using proper
translation tools, building a glossary of terminology, and choosing parallel texts in the

related field.

2.1 Analysis of the Source Text

Newmark suggests that informative texts encompass materials such as textbooks,
technical reports, newspaper or journal articles, scientific publications, theses, and
meeting minutes or agendas. The essential aspect of the informative function of
language is the conveyance of “truth”—reflecting the external circumstances, the
factual aspects of the subject matter, and the tangible reality beyond the linguistic
expression (Newmark, 2001a: 40).

For the purpose of translation study, a passage from Principles of Neural Science
was selected. This text primarily explores the subjects of the brain and behavior on
both microscopic and macroscopic levels. Specifically, Chapter 33 delves into the
subject of motor functions, discussing elements such as commands for movement,
signals related to motion, and the systems that facilitate it. The source text is
characterized by its logical and unbiased nature, featuring a wealth of specialized
terminology and complex sentences that are intricately linked through conjunctions
and adverbs. The usage of non-finite verbs, prepositional phrases, and the passive
voice is prevalent throughout. Overall, the text exhibits traits consistent with the
characteristics of an informative text.

Newmark suggests that communicative translation strategies should be applied to
scientific and technical English, irrespective of whether the text is informative or

evocative. The primary step in this translation approach is to understand the central

4
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message of the source text and to discern its style, ensuring that the translated work
mirrors this style to the greatest extent possible. Moreover, it is crucial to recognize
the structural composition of the original text and the interrelationships between its
sections to create a coherent and smooth translation that is readily comprehensible to
the target audience. Communicative translation prioritizes the target language,
focusing not only on the accurate transmission of the contextual meaning from the
source text but also on enhancing the accessibility and acceptability of its content and
form to the target readers. This approach contrasts with free translation, as it
maintains a strong fidelity to the communicative intent of the original text.
Communicative translation aims to produce an effect, leading to translations that are

more fluent, natural, and attuned to the linguistic habits of the target language.

2.2 Translation Tools

First, the translator searched the Internet and downloaded the PDF version of the
book Principles of Neuroscience and used some tools for translation (see Table 1).
Before importing the text into Trados, she double-checked whether the text in Trados
was consistent with the text in the book. If any inconsistencies were found, she
corrected them in Trados and then typeset the text, separating the information in the
main text from the information in the graphs and charts. She then read the full text.
The first reading was aimed at getting the general idea. The second reading was aimed
at marking and searching for words she did not know and then with the help of the
Oxford Advanced Learner's English-Chinese Dictionary to determine their meanings.
In case of technical terms, the translator firstly searched for these terms mainly on
Wikipedia to understand their background knowledge information, and then looked up
their meanings and verified their meanings on Term online and Xiangya Medical
Dictionary Online. Afterwards, she used Multiterm to add and annotate the term (see
Figure 1). Then, the translator exchanged terms with her classmates who translated
the same book to find out if there were any errors. Finally, the translator exported the

terms from Multiterm and created a glossary, as shown in Appendix 1.
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Table 1 Translation Tools Used in the Project

Category Name Purpose
. . To check out and master translation
Comparison and Translation . . .
. . techniques and strategies to deal with
Between English and Chinese . . .
difficulties in translating
Books
To have a firm grasp of translation
Scientific Translation techniques and strategies to deal with
difficulties in translating scientific texts
Oxford
A Advanced
Dictiona Learner's To determine meanings of unknown words
Y English-Chinese
Dictionary
Termonline To verify terms that were determined
Wikipedia To provide background information
To search articles to deal with difficulties
Online in
Resources CNKI i i i
Translating and determine terms in the
text
Xiangya Medical Dictionary Onli | To determine the meaning of medical term
ne s
Trados Studio To edit e}nd export translation, create
translation memory, and ensure the
2021 . .
. consistency of translation
Translatio
n To make, manage, and export a glossary,
Software and
Multiterm 2022 show terms in Trados while translating
Xiangya Medical Dictionary Online
Quality To revise normal errors of translation such
Control Xbench as
Software the consistency of terms
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FEFEEHE i

MultiTerm Classic - -
allocentric coordinates
amplitudes
angular wvelocity
arc English
ballistic
brain stem central neurons

Cartesian coordinates

x

&)

Entry number 46

Chinese

Cartesian coordinates.

central neurons i % 1 'HX f.lli £956
circuits

clozed-loop avztems

cranial nerves

curwvature

cutaneous receptors

dorsal roots

dor=sal stream
egocentriccoordinate system :
egocentric coordinates

(Figure 1 The Glossary of the Text)

In this process, the translator edited the translation in Trados (see Figure 2).
When something confusing was found in the text, for the related keywords were
searched on CNKI to get the relevant text and the background knowledge. When
encounters difficulties in translation were encountered, such as the conversion of
passive voice, the translator searched for relevant articles on CNKI, compared the
translations of similar texts, learned the translation skills and strategies of that similar
text, and then read the book FEnglish-Chinese Comparison and Translation and
English for Science and Technology to master the translation skills and strategies. As
for the terminology, since a glossary has been established, its meaning is directly

displayed in Trados, as shown in Figure 1.
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After making the first version of the translation in Trados, the translator exported

the translation and put it into the form of bilingual cross-referenced table in excel, and

then exchanged revisions and discussed them with the students who translated the

same book to mark the words and sentences which are difficult to be understood (see

Figure 3). Then, the translator used Xbench, a quality control software, to check

whether there were any normal errors, such as untranslated segments, inconsistencies

between the source text and the target text, numerical mismatches, mismatches of key

terms, repeated words and segments (see Figure 4). Afterwards, she revised her

translation based on the results shown by Xbench.
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B

Voluntary movements are those that are under con-scious control by the brain. Rhythmic
movements can also be controlled voluntarily, but many such movements differ from
voluntary movements in that their iming and spatial organization is to a large extent
controlled autono-mously by spinal or brain stem circuitry. Reflexes are ster~eotyped
responses to specific stimuli that are generated by simple neural circuits in the spinal cord or
brain stem. Although reflexes are highly adaptable to changes in behavioral goals, mainly
because several different circuits exist to connect sensary and motor neurons, they cannot be
_ directly cantrolled voluntarily.

In this chapter we focus on voluntary movements, using arm and hand movements to
illustrate principles of sensorimotar control. Reflexes and rhythmic move-ments are
discussed in detail in Chapters 35 and 36.

Conscious processes are not necessary for moment- to-moment control of movement.
Although we may be aware of the intent to perform a task or of planning certain sequences
of actions and at times are aware of deciding to move at a particular moment, movements

EREsREBEMANEFNRFED. TEEEHBITNER

%, BrEHticssaREshARE, NN EFRZEER
ARAEELRBEENRTBEANES . REZHRERRN
EERY, HEHSIBTHELSEEE~ELIERTH . RE
RETHITHEFNELERENER Y, FEERAFENLTTE
PERREERENSHHET (Bf)  BENTHEEEEAR
ot IR
mE—=d, RNESTHERED, BTENTHSIREAR
FENEFHNEE. REMETENED (FEESEMNE) #
FEEIEMEICERHEMNR.

BRI ES TEHNRE R LEN. RERNTERR
FHT-MESNSESIELTHNINE, FHbERIRE

CaTE=

generally seem to occur automatically. We carry out the most complicated movements i{%f%‘%?ﬁ#?ﬁ%é}]. @ﬁﬂ]%%jmq:%%fﬂkim . ?%‘(Hﬁ:iﬁﬁ }
without a thought to the actual joint motions or muscle contractions required. The tennis %g?ﬁ:@‘hﬂ"ﬁi éﬁ%@@*ﬁﬁﬁ;&vzﬁﬁﬁﬁﬂ@ﬂifﬁﬁ’]?? i
player does not consciously decide which muscles to use to return a serve wit.h a backhand or Wfﬁi@ﬂ}]ﬁﬁ%ﬁ%ﬂ%%ﬁﬁﬁ%i}mﬁﬂélﬁlﬁﬁ?iﬁﬁk < Ek%iﬁz ¢
: ; - B SERARIZENK. BEE S HESELEZR
which body parts must be moved to mtercept the ball. In fact, thinking about each body =% SHIBENEN
L /movement before it takes place can disrupt the player's performance. s e °
In this chapter we review the principles (that govern the neural control of movement)
using concepts derived from behavioral studies and from computational models that are fEx—Ef, BAEMT XRENHEEFHNERL, XLepik
used both to understand the brain and to control the movements of robots. First, we look at B F7 AR EER, X EFERIE ARIER AT FHEA
how the brain transforms sensory inputs into motor outputs through a cascade of sensorimo  89i531. B%, FAAR T ARMRWENET —ERHENSHiEiRig 1
—tor transformations. Second, we examine how sensory feedback can be used to correct BRGNS EHEEN. X BIFREwRENTHEEkX r
errors that arise dur-ing movement. Finally, we see how motor learning allows us to improve ZUIFEEITHINER. B5, BRNBIEsHZEINEERNZE ¢
our performance; to adapt to new mechanical conditions, as when using a tool; or to adapt to MR, BRFHPNHSHE, NERIEN, HERETHE
novel correspondences between sensory and motor events, for example when learningto  ShE4Z BNHNNE AR, m¥r I FERB RIS,
? |use a com-puter mouse to control a cursor.
3 IMntor Cammands Arise Thronnh Sensarimator Transformations EENES BRI B T EhEEE A i
(Figure3 revised by companions)
3 ApSIC Xbench
Project Viev tarat 4
rojec View Ir net Tools Help . . _— . {] ‘:
2lu| Fo| 2| [0 0=| [ a|@|al vE o o[o]o]: se|ele & «f
Project | Internet QA | Instructions |
Check Group List of Checks i :
—| ¥ Untianslated Segments Qe e Check Ongoing Translation |
v| Content v| Inconsistency in Source I Only New Segments @ Showdl =—hoene
v| Checklists | Inconsistency in Target I Exclude ICE Segments " Show Marked - 5
Target same as Source [~ Case-gensitive Inconsistencies (" Hide Marked Fun Poject Checklists |
L_Hlonore Tege Clear All Marks - Chocklist [
Error Description [ % [ Source I Target
MEYFREE+=F (87 0% The fact that the spherical coordinate system centered on the shoulder prod... "8, &l
Numeric Mismatch
WEFEIE B+=F xt (102) 0% Open-loop control also has disadvantages. Any movement errors caused b...  "TEiEzhidigd 3
Numeric Mismatch
MEFFEEF=EL11) 0% In most motor systems movement control is achieved through both feedforw... """ AT{EEME
Numeric Mismatch
WEEFBE E+=EM(117) 0% Feedback control cannot generate a command in anticipation of an error: ti..  """flbn. SEE
Numeric Mismatch
WEEFB S8 (137) 0% When subjects begin to lift large and small objects that weigh the same, they...  """{HiskidZA%F
Numeric Mismatch
WEERIBEL =T (159) 0% Howewver, the same patients are easily able to adaptto drastic kinematicch...  ""fE¥3zzhi3
Numeric Mismatch
WEFEIE B+ =8t (169) 0% Another form of error occurs in movements with rapid direction reversals. An..  """ERHWEHES
Numeric Mismatch

o ENREXHFERHENE+BHESOHEFRIE B+Z8.txt (220)

¢ HNumeric Nismatch

Figure 33-6 Errors in distance and direction of movement are independent of each other. Distribution of endpoints for re
two distances) by one subject. Targets (red circles) were presented 24 times in random order, and each time the subject
movements begin from a central starting position (designated +). Endpoints for individual movements are represented by t
target are fitted with an ellipse, demonstrating that errors in distance and direction are independent of each other. (&
Ghez 1994.)

PR _an A = =Lorcn fre el D S B An Tl S Ak

AT b i A A= (n Ammdntn o~ A AETTY kb= cLAkAb Ei\ce A= AT EIA, oL

(Figure 4 Quality Control in Xbench)

The translator then checked the accuracy, fluency, coherence and logic of her

translation. She modified the incorrect or obscure parts of it. After that, the translator

revised the translation based on some suggestions from her tutor and classmates.

Finally, the translator read her translation in its entirety to make sure that it is smooth
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and coherent and readable. If it is not fluent, she revised it again.

2.3 Parallel Text

In 1980, the British scholar Hartmann delineated three types of parallel texts:
Type A signifies translations that maintain high degrees of formal consistency and
semantic equivalence with the original text; Type B denotes translations that exhibit
partial formal consistency and functional equivalence; and Type C pertains to corpora
that align with registers, lacking semantic equivalence but sharing some consistency
in subject matter, style, context, and textual object (;&X Z %, J& 15, 2016). For this
translation practice, the translator selected Type C as a guide, referring to texts related
to neuroscience that matched in terms of usage scenario, object, and style.

To guarantee accuracy and professionalism in the translation, the translator faced
difficulties finding explanations for certain terms in dictionaries and translating the
long sentences of neuroscience. Therefore, she extensively studied parallel texts
related to neuroscience, such as Neurobiology-From Neuron to Brain, Cognitive
Neuroscience: The Biology of the Mind, Cognition and Mathematical Foundation of
Neuroscience, which helped translator to gain a comprehensive understanding of the
neuroscience and maintain the style and linguistic characteristics of text. Valuable
theoretical and practical knowledge was obtained, which greatly supported the
translation work.

In essence, parallel texts are akin to a companion piece that mirrors the content
of the original. They serve an essential function in scientific and technological
translation. Parallel texts serve to bridge any gaps in the translator’s expertise within
the realm of science and technology, facilitating a deeper understanding of the source
material. This, in turn, aids in achieving efficient, precise, and genuine translations,
thereby enhancing the overall quality of the translation work. When engaging with
parallel texts, translators have the opportunity to become acquainted with authentic
language usage, which can elevate their ability to discern the quality of translations.

Furthermore, by contemplating the unique attributes and merits of the original texts,

10
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as well as the issues present in the target texts, translators can strive to make the

translated works more credible and expertly crafted.

2.4 Glossary Building

The original text contains a large number of professional terms, such as central
neurons, etc. Therefore, the translator listed the terms and phrases in the text before
translation, and then made use of dictionaries and parallel texts to get their
translations. At the same time, the translator discussed with the team members to
unify the terminology expressions and to ensure the consistency and completeness of
the translation and to avoid mistranslation. As a result, a list of terms and proper

nouns was established, which is shown in the Appendix I.
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Chapter 3 Case Analysis

This part gives a case analysis of some typical translation problems the translator
encountered in her practice, such as the difficulties in achieving complete equivalence
of professional terms and normal words in combination with the context and
professional background, in handling punctuation and passive voice, and in
maintaining text logic and coherence. The translator tried to solve the problems of
vocabulary by adopting translation strategies and instrumental methods. For the
translation of double dashes and passive voice, such strategies as omission and
conversion are adopted. For the translation of adverbial clauses and long sentences,
which affects the text’s logic and coherence, the translator adopted the methods of
adjusting the order of sentences and division. For the translation of gerund clauses and
long sentences that affect the logic and coherence of the text, the translator adopted

the methods of adjusting the word order and division.

3.1 Achieving Accuracy of Terminology

The key point of scientific and technical translation is to convey the actual
content of the original material, which is by no means the arithmetic sum of the
meanings of individual words. Instead, the source text is a specific and complete
information structure built up by a number of words (professional and non-
professional, real and functional) in accordance with certain rules and in a certain
way(R 4R, 1987:20-23).

In the face of unfamiliar or new terminology, it is easy to search for resources
such as dictionaries to no avail. In this case, we often search the web page first to get
a general understanding of the background, and then check other resources, which is
also in line with general search habits. However, information from news reports is
often redundant and repetitive and accuracy cannot be guaranteed, and forum
encyclopedias are often crowdfunded in an open and autonomous manner, where
translations are mostly provided by web users, so further validation is required. CNKI

and other mega-databases consisting of huge amounts of full-text data and basic

12
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information materials can greatly improve the efficiency and quality of searching per

unit of time for the background of terminology definitions and even translations ( /%

T, #HME2019: 72-77) .

3.1.1 Consulting the Parallel Text of Neuroscience

The naming of scientific and technological terms is mostly in favor of the
principle of action, structural characteristics or components, resulting in the
proliferation of compound and phraseological scientific and technological terms. In
this practice, there are some terminologies whose meanings are difficult to be

determined. In this case, consulting the parallel text of neuroscience is quite useful.

Example 1:

Source Text (ST): Pacinian corpuscles in the skin are activated and a burst of action
potentials occurs in the afferent_ RA2 fibers, signaling the beginning of the hold phase
during which the grip force is constant. The absence of RA2 signals triggers a slow
increase in force that is terminated when lifting begins.

Target Text 1(TT1): = 321X F T 4a45iE — > 400 SCAIPIRIS K2 IR A R A B AR A
Wk, e N RA2 4 M BLEhME AR, b 35 48 R E I R Fr B BOT 46
RA2 55 BRI T RISGRIEI, ST iaxs i, JIEREing k.

TT2: 293 E TR HSE — > 400 TR, BB A9 A B ias , M2 AR
EN RS K (RA2) 4 HIEE AR, drEA 4RI E R B
. RENRZIHR R (RA2) FISHGKTIK 7 HERZAS N, 2IT6
R, JEAF .

Analysis:

In example 1, the challenge of translation is primarily associated with the
neurobiological terms “RA2 fibers” and “RA2 signals”, whose Chinese equivalent
terms could not be got directly through search engine and online terminology data
base. In TT1, the translator resorted to using the abbreviated forms of these terms,
which could potentially hinder comprehension among readers.

As mentioned above, CNKI and other mega-databases consisting of huge amounts of
13
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full-text data and basic information materials can greatly improve the efficiency and
quality of searching per unit of time for the background of terminology definitions
and even translations. The translator utilized CNKI to look up the terms “RA2 fibers”
and “RA2 signals,” discovering they are respectively abbreviated versions of “rapidly-
adapting receptor 2 fibers” and “rapidly-adapting receptors 2 signals,” with their
Chinese translations being “ JLiZ v i 5Z 4% - FEZF 4 and « (IE W 1K Z 7% 2515
%', ”as confirmed by Term-online. To ensure precision and maintain professional
standards in translation, the translator cross-referenced with the text “Neurobiology-
From Neuron to Brain,” verifying the accuracy of these Chinese renderings. Therefore,
in TT2, the full form of abbreviations is translated and the short forms are shown with
parentheses, namely, “ &/ /B2 75 25 (RA2) ZF4F and “ i W /K32 75— &

(RA2) 154", thus enhancing the clarity of the translation for readers.

Example 2:

ST: This copy of the motor command is known as an efference copy (or corollary

discharge) to signify that it is a copy of the_efferent signal flowing from the central

nervous system to the muscles. We will see later how such simulations can be learned
and used in sensorimotor control.

TT1: XAE BN TR 2 148 VIR B8 I (BRI, KR T2 — A
AR A 28 22 e ) LA PR BBONAE 5 )95 DL e AT AE Ji THI A 21 T A S 400 4 e 49
M TR B SR Y .

TT2: XAME 364 1IH5 DA R EA (BB, e — A
WRPP L R G I LA B REIE 5 HO 45 DL JRA DREAE 5 T 75 25X A2 o]
)M TR S IS SR Y o

Analysis:

In example 2, the primary challenge in translation is attributed to the neurobiological
terms “efference copy” and “corollary discharge”, which do not have direct Chinese
equivalents that can be easily identified through search engines or online terminology
databases. In TT1, the translator translated these terms literally, neglecting the context.

Subsequently, a search was conducted on Baidu, where the terms yield multiple
14
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explanations: “ (/W #% U and “FHEFELH,  as well as “/BA1H A and “ FERE .
As previously discussed, databases such as CNKI, containing vast quantities of full-
text resources and foundational information, can significantly enhance the efficiency
and quality of terminology searches. As for the two terms, “ 722 j¢ /1" is a theory
while “ /£ 8 i #” is a medical term for the study of the human brain according to
CNKI. To guarantee accuracy and professionalism in the translation, the translator
studied the parallel text Mathematical Foundation of Neuroscience, confirming that
the translations “ /& &5/ A , “ FEREIL H and “ /#4115 5" are correct. Therefore, in
TT2, in order to fit in the text type and enhance the readability, the term “corollary
discharge” is translated into “/£4E¢ #, while the term “efference copy” is translated

into “ /& 411/ 4 and “efferent signal” is translated into *“/#%//5 5" accordingly.

Example 3:

ST: A. Spatial orientation. To reach for an object, the object and hand are first located
visually in a coordinate system relative to the head (egocentric coordinates).

TTL: A HER . BMPREDYIE, BN TR A R _(Rab
AERD X A T REAT AL TE AL

TT2: A HER . BMPREDYIE, H BN T L Abr & _(HR]
O ARRR ) PO A AN T HEAT L0 5E

Analysis:

In example 3, the challenge of translation primarily emerges from the neurobiological
terms “egocentric coordinates”, which cannot be directly retrieved through a search
engine or an online terminology database for their Chinese equivalents. In TT1, the
translator translated the term “egocentric coordinates” into “ 4745 44 #5 literally, a
translation that lacks further validation.

The term “egocentric coordinates” was searched in Baidu, in which its possible
translation “ & # 47 4> 44 #5> and relevant background information was found. As
previously noted, databases like CNKI, containing vast quantities of full-text data and
foundational information, can significantly enhance the efficiency and quality of

terminology background research in a given timeframe. Consequently, the translator
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searched the term through CNKI, finding that the term* A # #7044 45> is indeed a
technical term in neuroscience. According to the context and as shown in the chart
below, the experiment is to determine the direction of the object and hand based on
the subject himself. ““ #7/» 44 #5” is not so accurate to express the real meaning of the
source text. To ensure fidelity and expertise in translation, the translator studied the
parallel text Cognitive Neuroscience: The Biology of Mind and Cognition, confirming
that the translation “ & # 47 4£ #5” is correct. Therefore, In TT2, the translator
rendered “egocentric coordinates” into “ A # 7 4> 4£ #7”, a choice that not only
corroborates the findings from CNKI but also aligns with the chart below and the

parallel text, thus enhancing readability and clarifying the translation.

A Locate hand and cup B Plan hand movement C Determine intrinsic plan D Execute movement
(egocentric coordinates) (endpoint trajectory) (joint trajectory) {joint torques)
Movement planning Inverse kinematics Inverse dynamics
B —

Elbow
torgue

Elbow angle
trajectory

Shoulder
angle trajectory Shoulder
torque

3.1.2 Participating in Experiments and Consulting Experts of Neuroscience
Consulting experts in the field of neuroscience and participating in experiments
of neuroscience are of great help to translate terms that are difficult to define even in

online terminology databases or parallel texts.

Example 4:

ST: Movement inaccuracies arise from errors and variability in the transformations
TT1: BHARERPER B T e iR Z= M2t

TT2: BENRZER A THAR PR ZEMAR

Analysis:

In example 4, the difficulty of translation mainly lies in the neurobiological terms

“movement inaccuracies”, whose Chinese equivalent terms could not be got directly

16
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through search engine and online terminology data base. In TTI, the translator
translated the term “movement inaccuracies” into “ iz zJ 71 #5714 which was not
validated further.

Subsequent to conducting a search for “movement inaccuracies” on Baidu, the
potential translation & 57 /7 /£ 7i #> along with pertinent background information
was retrieved. However, as previously stated, the reliability of information obtained
from web pages cannot be guaranteed since translations are typically contributed by
internet users, necessitating additional validation. Consequently, the translator sought
guidance from experts in the field of neuroscience, who confirmed that “ =575 2" is
a technical term used in neuroscience experiments. The translator then participated the
experiment of neuroscience in person, finding that the term “ 52778 2 is commonly
employed in the experiment of neuroscience, especially in the process of analyzing
the experiment data. Therefore, the term “movement inaccuracies” should be
translated into* & 37 & Z5” to clarify the eccentric meaning of the source text. TT2
validated its translation through participating in experiments and consulting experts in
the field of neuroscience, thereby enhancing the clarity and precision of the

translation.

Example S:

ST: For example, the vestibulo-ocular reflex uses open-loop control to maintain

fixation during head rotation.

TT1: 140, BEE-HR 5 (5 A TR 42 il ok CR 17 Sk A e e I 0 78 A

TT2: H1401, B EE-HR B [ 15 T A2 R LR Aoy S B e e I 1D 5 5o

Analysis:

In example 5, the translation challenge is centered around the neurobiological term
“vestibulo-ocular reflex”, whose Chinese equivalent terms could not be got directly
through search engine and online terminology data base. In TT1, the term “vestibulo-
ocular reflex” was translated into “ 7/ f£- AR /< 47" literally, a rendition that lacks
further validation.

Then, the term “vestibulo-ocular reflex” was searched in Baidu, in which its possible
17
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translation “ 7/ /- /R /< 47> and relevant background information could be found. To
guarantee accuracy and professionalism in the translation, the translator sought
assistance from experts in the field of neuroscience. These experts confirmed that
“vestibulo-ocular reflex” is a technical term utilized in neuroscience experiments. The
translator then personally engaged in a neuroscience experiment to collect data on eye
movement, observing that “ 7/ /- AR5 /< 41" is commonly used in the context of such
experiments. Therefore, in TT2, the term “vestibulo-ocular reflex” is translated
into** 77 /£ - HR 50 /< 4/ to clarify the eccentric meaning of the source text. TT2
validated its translation through participating in experiments and consulting experts in

the neuroscientific field, thereby enhancing the readability and accuracy.

Example 6:

ST: We know from cellular studies that the central nervous system contains internal
representations (“neural maps”) of the various sensory receptor arrays and the
musculature

TT1: JATNAIMEHEFT AR A, PR A R G & R0 32 AR B 51 AL 20
L NFRAE CPRETTHE).

TT2: LATAEHIHE T 4350, TPARRR L R G0 AL 5 5 il
LN ERAE CHETBE).

Analysis:

=k

=l

e NI I A

\5

In example 6, the primary difficulty in translation is associated with the
neurobiological term “neural maps,” which does not have direct Chinese equivalents
that can be readily found through search engines or online terminology databases. A
search for "neural maps" on Baidu yielded the potential translation * 77 2% Jr
/&P’along with relevant background information. In TT1, the term "neural maps" was
translated literally into *“ 745 70 41 5.

To guarantee accuracy and professionalism in the translation, the translator sought
advice from experts in the field of neuroscience. It was confirmed that the term* ##%

JC S is a technical term used in neuroscience experiments. Then the translator
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participated the experiment of neuroscience in person, finding that the term “ #7228 /¢
M 41is often used in the experiment of neuroscience, especially in the process of
analyzing the experiment data. Therefore, in TT2, the term “neural maps” was
translated into* #7247z L4/ to clarify the eccentric meaning of the source text. TT2
validated its translation through participating in experiments and consulting experts in

the field of neuroscience, enhancing the translation’s readability and accuracy.

3.2 Shifting Sentence Structures

The syntax in English is different from that in Chinese. Many elements vary
considerably in usage, such as punctuations, passive voice and adverbial modifier. In
this section, several cases are presented to show the syntactic fluency with appropriate

methods.

3.2.1 The Manifestation of Implicit Meanings in the Passage of Neuroscience

Chinese sentences are organized by meanings, different from the hypotactic
English sentences which need punctuation marks to show logic ( , 2012:35) .
Dashes are seldom used and are hard to function as parenthesis in Chinese.
Furthermore, in Chinese scientific and technological text, transition and emphasis are
the functions of dashes (% H], 1992: 43) .

When the double dashes in the original text only play the logical connecting role
of supplementary explanation, and the interjections between the double dashes are
only semantically connected with their modifying parts, or when the double dashes in
the original text are only used to connect two parallel structures, retaining the form of
double dashes in the translation will result in the semantic interruption of the Chinese
sentences. Therefore, when translators translate this kind of sentences containing
double dashes, they should adopt the method of omission, adjust the word order and
add logical connectives appropriately according to the context of the translated text

and Chinese writing habits, so as to retain the logical connecting function of the

double dashes in the original sentences. In that way, the translation will be more in
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line with the Chinese language’s expression habits.

Parentheses serve as a valuable tool to enhance the readability of text; however,
their misuse can detract from this effect. When the content enclosed within
parentheses is closely related to the main sentence, it can lead to a decrease in
readability. Moreover, if the relationship between the annotation and the annotated
element is not delineated by parentheses, the text may become ambiguous (== 3% VX,
2006).

In the context of translating parentheses within chemical texts, the cohesion
theory provides a framework for considering three translation strategies: (1)
maintaining the parentheses if their function remains the same in both source and
target languages and if the information within is of minor importance in the text, (2)
omitting the parentheses when such a removal aids reader comprehension, provided
that the content within is crucial, and (3) replacing parentheses with other punctuation
marks if the source text's parentheses serve the same purpose as those marks do in the
target language (] 4 ¥, 2020). Here are some examples about the manifestation of

implicit meaning of double dashes and parenthesis in sentences of neuroscience.

Example 7:

ST: Although movements are often classified according to function—eye movements,
prehension (reach and grasp), posture, locomotion, breathing, and speech—many of
these functions are subserved by overlapping groups of muscles.

TT1: BARIEEH I D REHEAT 0 R—MRERIZZh . AL (PRI, &
B isE), MR —E R X sE A A DI E S 5L EE.

TT2: #IRIhAE, B30 % AT > A IRERIEE). ATl (PRI . %9
B PRI USSR, XEED)RET A AR Z 5L EE.

Analysis:

In example 7, the difficulty of translation mainly lies in the sentence connected with a
pair of dashes. In example 7, the part “——eye movements, prehension (reach and

grasp), posture, locomotion, breathing, and speech—> is the list of “movements
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classified according to function. In TT1, the translator translated “—eye movements,
prehension (reach and grasp), posture, locomotion, breathing, and speech—many of
these functions are subserved by overlapping groups of muscles.” into“——R#Zkiz 5],
FIith (PHFRIINIED) L5 &5y, RN ii— R E LD GE T A DI [H]
2519l #E, retaining the double dashes and causing semantic interruption.

As mentioned above, when double dashes are only used to connect two parallel
structures, we should adopt omission, adjust the word order and add logical
connectives appropriately according to the context of the translated text and Chinese
writing habits, so as to retain the logical connecting function of the double dashes in
the original sentences. In example 7, the double dashes are used to connect the two
parallel structures, namely, “Although movements are often classified according to
function” and “many of these functions are subserved by overlapping groups of
muscles”. If the part “——eye movements, prehension (reach and grasp), posture,

kb

locomotion, breathing, and speech—" is omitted, the key meaning of the sentence
would not be changed because that part only plays a role of adding the specific
classification of movements. Therefore, in TT2, double dashes were converted into a

colon and added a word “ 74 to connect them, conforming to Chinese writing habits

and offering fluent translation.

Example 8:

ST: The plot shows the variability in the motion of the subjects* arm movements as
the standard deviation of the extent of movement versus average speed_(for each of
three movement starting points and three movement times, giving nine data points).
TT1: FEER 7 R2IRE*TEIZaNA R, RS ahiE L 51 558 1 b v
7= _CBZNREE S T2 B R briE i 22, Ferh Gds 3 Mg sl sfn 3 szt E).
TT2: T &1 9 N mi, RIS SR 5 T M bnE i 22, P asE 3 e
ZEE RN 3 NS BN TE] . X 9 N RN T R IRE TSR .
Analysis:

In example 8, the primary challenge in translation is associated with the translation of

parentheses. In this example, the part “(for each of three movement starting points and
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three movement times, giving nine data points)” is used to further explain the data
showed in the plot. In TT1, the translator translated “(for each of three movement
starting points and three movement times, giving nine data points)” into* (& z)[l7/%
G L LRI Bl i 2, R 675 3 sz 8 i Ml 3 szt ) 7, which
would puzzle the target readers because of the ambiguity of the data point.

As previously stated, English punctuation marks may be transformed into different
forms in Chinese to preserve the original message. In example 8, parenthesis is used
for sentence additions and it can be converted into other forms in Chinese to convey
original message. Therefore, in TT2, the translator converted parenthesis into “,
Ri”and adding “ X 9 >4 ## #%” to make the translation logical and clarify the
information of the content in the parenthesis. In TT2, the translation not only reflects

the real meaning of the source text but also embodies the inherent logic, achieving

fluency and clarity.

Example 9:

ST: When the hand moves in the direction of the forearm (moving both arm and
forearm), inertia is two to three times greater than when the hand moves
perpendicular to the forearm (moving the forearm alone).

B, MRV E T A

TT2: BT 7 1A
2 3 3 £,
Analysis:

In example 9, translation challenge is primarily centered around the translation of
parentheses in neuroscience passage. In this example, the parts “(moving both arm
and forearm)” and “(moving the forearm alone)” are used to add the condition
information. In TT1, the translator translated “(moving both arm and forearm)” and
“(moving the forearm alone)” into*([F/H] £z FE R E) ~ and “(IXEz) T E)”,
which would puzzle the target readers because of the interruption of the parentheses.

As previously discussed, it is possible that English punctuation marks are converted

into other forms in Chinese to convey original message. In example 9, parenthesis is
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used for sentence additions and it can be converted into other forms in Chinese to
convey original message. Therefore, in TT2, the translator omitted the parenthesis and
translated the part “(moving both arm and forearm)” into “ [/ i/ #2579 F B I i B> t

make the translation concise. Besides, the translator omitted the part “(moving the
forearm alone)” because it is obvious that it is impossible for the arm to move when it
is perpendicular to the forearm. Therefore, the translator omitted the redundant
information. In TT2, the translation not only manifests the implicit meaning of the
source text but also embodies the inherent logic, resulting in a rendition that is both

fluent and clear.

Example 10:

ST: With feedback control the desired and sensed states are compared (at the

comparator) to generate an error signal, which helps shape the motor command.

TT1: 7R BHER o, FHPRSFIRSCIRS _(FEHBREEFD #HATHEL, U™ AR
ZES, WM RAENLIE2 .

TT2: £ BHER T, POIPRGS AR FIR A B B ES I AT LA, U AR AR

R NIE ALK

Analysis:

In example 10, the difficulty of translation mainly lies in the translation of parentheses

in neuroscience passage. In this example, the part “(at the comparator)” is used to

explain the means of experiment. In TTI1, the translator translated “(at the

comparator)” into*( 75 FL£¢#847) ”, which would cause reading interruption because

of the parentheses.

As mentioned above, it is plausible that English punctuation marks are transformed

into different forms in Chinese to preserve the original message. In this example,

parenthesis is used for sentence additions and it can be converted into other forms in

Chinese to convey original message. Consequently, in TT2, the translator omitted the

parenthesis and added “ .7 {7 to manifest the implicit meaning of the content in

parenthesis, improving the fluency of the translation. In TT2, the translation not only

conveys the authentic meaning of the source text but also maintains the inherent logic,
23



LRCTRER A AR S

achieving a rendition that is both fluent and clear.

3.2.2 Converting Passive Voice into Active Voice in the Passage of Neuroscience

Due to the differences between the English and Chinese languages, the passive
voice often fails to maintain its original linguistic structure and form when translated
into Chinese because Chinese like to narrate things from the point of view of the giver
while the British and American like to narrate things from the point of view of the
receiver({E: ], 1990). Therefore, when translating the passive voice, the first thing to
consider is to translate it into an sentence with active voice. A common sentence
pattern in Chinese is the sentences connected by “#”. In modern Chinese, there is a
special grammatical structure called disposition. In terms of formal structure, it uses a
prepositional verb “J2to bring the object in front of the verb. In terms of meaning, it
is a purposeful action of the subject, expressing an initiative ( £ JJ 1958: 26) .
Therefore, when translating some passive voice, we can consider translating it as a
“41” sentence according to its characteristics and application context.

“Translations should, as far as possible, use forms of speech that are pleasing to
the recipients of the translation and that correspond to the expressive conventions of
the target language.” (iE %X =, 1984: 79) . The passive voice is prevalent in
scientific and technical texts. Newmark's communicative translation strategy for
scientific and technical texts pays more attention to readers' understanding and
acceptance. When translating, Chinese expressions are used to focus on the “person”,
which can be the translator or the reader. When translating, one can either translate
English passive sentences into Chinese sentences that are active in form but passive in

meaning, or translate them into Chinese sentences that are completely active.

Example 11:
ST: How do sensorimotor transformations generate movement to a desired location?

For a person to reach toward an object, sensory information about the target's

location must be converted into a sequence of muscle actions leading to joint

rotations that will bring the hand to the target.
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TT1: EGEIE B Fe 2 i = Az sh B P AL B ? 6T — DR, ZEIE T
T — A, v B KRGS B A
RIS, AT REVE HERh ik 2 B A iA
TT2: KB s AL b B s A B B T RALE R ? 3T — Ak, 28
TP DR, Al

fE, 2N RATHER,, mAAEAS T RENS HET L Ak Sz F AR A4 o

Analysis:

In example 11, the difficulty of translation mainly lies in the translation of passive
voice, which needs to be converted into active voice to conform to Chinese
expressions. In TT1, the translator translated “sensory information about the target's
location must be converted into a sequence of muscle actions” into “ F YN, & 1T
VK 1 15 S5 AT A~ — 3 A 19 LA 5 7E”, which lacks fluency and does not
adhere to typical Chinese expression patterns.

As previously noted, “#%” is possible to be used to express passive voice in translation.
However, active voice are more often used in Chinese expressions. In example 11,
the part “sensory information about the target’s location must be converted into a
sequence of muscle actions leading to joint rotations that will bring the hand to the
target” is a sentence with passive voice. In TT2, the translator translated it into a
sentence connected by “ #7” and added the subject “ /##” to conform to Chinese
expression habits and achieve fluency. In TT2, the translation not only maintains the
core idea of the original text but also resonates with the psychological and cultural
inclinations of the target audience, thereby enhancing the readability and fluency of

the translation.

Example 12:
ST: This and the straightness of hand paths mean that the extent of a movement is
planned before the movement is initiated, and the movement is_generated in a

feedforward manner.

TT1: X — s UL TR B EWRE, ot RIS s h 2 i st C
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Ritr, FEELART T PR

TT2: X — fi M TR BEA RN, 3BTRS 2R
SO O B[ K= Wi 4

Analysis:

In example 12, the translation challenge is primarily associated with the conversion of
passive voice into active voice to align with Chinese expression conventions. In TT1,
the translation lacked fluency and did not conform to the habit of Chinese expression.

As previously noted, “ # > are possible to be used to express passive voice in
translation. However, active voice is more often used in Chinese expressions. In
example 13, the parts “is planned” and “is gemerated” are the expressions with
passive voice. In TT2, the translator translated them into “ #/ £/’and “i#H it ...... Vs
4 to conform to Chinese expression habits and achieve fluency. In TT2, the
translation not only mirrors the core idea of the original text but also resonates with
the psychological and cultural inclinations of the target audience, thereby improving

the readability and fluency of the translation.

Example 13:

ST: A repertory of movement schemas is the result of a process in which all possible
ways of moving are ranked and the best is selected.

TT1: 2shfE00 52— MRS R, EXAD ST, Fraraenizsr X
RSB R, I s BRI .

TT2: ZEEAICH L DR R, ERXEEY, KxeHEsIH A
Remizah i, I A

Analysis:

In example 13, the translation difficulty is primarily attributed to the conversion of
passive voice into active voice to align with Chinese expression conventions. The
translation in TT1 exhibited a lack of fluency and did not adhere to the habits of
Chinese expression.

As previously mentioned, active voice are more often used in Chinese expressions. In

this example, the part “all possible ways of moving are ranked and the best is selected”
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is the expression with passive voice. In TT2, the translator added the subject “ A /4
to conform to Chinese expression habits and achieve fluency. In TT2, the translation
not only reflects the core idea of the original text but also aligns with the
psychological and cultural inclinations of the target audience, thereby improving the

readability and fluency of the translation.

3.2.3 Adjusting the Order of Adverbial Modifier in the Passage of Neuroscience
There are some adverbial modifiers appearing in the source text which are
difficult to be translated. Therefore, the translator adjusted the order of sentences to
handle these difficulties. Chinese seldom puts the accusative between the subject and
the predicate or at the end of the sentence, but usually places it before the subject or
clause (X /)N 7=, 2018:131-133). English expressions often place the semantic center
of gravity at the beginning of the sentence, and then discuss the relevant situation,
with a clear structure and hierarchy(# & H, 2008). Also, English sentence structure
mostly puts the semantic center of gravity at the beginning of the sentence, i.e., the
important information is mostly reflected in the front, and the secondary information
is mainly in the back. While Chinese largely follows the reverse order method, i.e.,
from big to small, from heavy to light, from far to near, English largely follows the
sequential method. Specifically, in view of the differences between Chinese and
English expressions, English sentences tend to put “result” and “after” at the
beginning of the sentence in causal and sequential relationships, while Chinese
sentences tend to put “cause” and “first” at the beginning of the sentence in causal and

sequential relationships, which is different.

Example 14:

ST: These internal representations have no intrinsic value and are behaviorally

meaningful only when used to guide movement,_whether foraging for food or

attracting a waiter's attention.

TTL:X N IR H AENE, RAEMNTRPEHNASRETNENL X

27



LRCTRER A AR S

RAEAEMN TR A HITNE L.
Analysis:

In example 14, the primary challenge in translation is the rendering of the adverbial
modifier. In this example, the part “whether foraging for food or attracting a waiter’s
attention” is the adverbial modifier that expresses conditions, while “These internal
representations have no intrinsic value and are behaviorally meaningful” are the
central part. In TT1, the translator translated the sentences without adjusting their
order, which might puzzle the target readers and cause reading interruption.

As mentioned above, Chinese syntax typically avoids placing the accusative directly
between the subject and the predicate or at the end of the sentence, opting instead for
positions prior to the subject or clause. Adverbial modifiers are commonly positioned
before the main clause, with postpositional use being less common. Therefore, in TT2,
the translator placed “whether foraging for food or attracting a waiter's attention”
before “These internal representations have no intrinsic value and are behaviorally
meaningful” to conform to the Chinese expression habits. This adjustment in TT2 not
only enhanced fluency but also conformed to the linguistic habits of Chinese

expression.

Example 15:

ST : First, the hand tends to follow roughly a straight path, although significant

curvature is observed for certain movements, particularly vertical movements

and movements near the boundaries of the reachable space.

TT1: B, FREshHT KR HE,

] 25 [A]3 123, S~HAHSKIZEH.

TT2: H%,

Bad, WEIHE KT, Hi, TrREsPE SR L.
Analysis:

In example 15, the difficulty of translation mainly lies in the translation of adverbial
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modifier. In this example, the segment “although significant curvature is observed for
certain movements, particularly vertical movements and movements near the
boundaries of the reachable space” 1is the adverbial modifier that expresses
concession, while “the hand tends to follow roughly a straight path” are the central
words. In TT1, the translator translated the sentences without adjusting their order,
which might puzzle the target readers and cause reading interruption.

As mentioned above, Chinese seldom puts the accusative between the subject and the
predicate or at the end of the sentence, but usually places it before the subject or
clause. Adverbial modifier is usually placed before the central words, and postposition
is rare. Therefore, in TT2, the translator placed “although significant curvature is
observed for certain movements, particularly vertical movements and movements near
the boundaries of the reachable space” before “the hand tends to follow roughly a
straight path” to conform to the Chinese expression habits. In TT2, the order of
sentences was adjusted to achieve fluency and conform to the habit of Chinese

expressions.

Example 16:

ST : Although reflexes are highly adaptable to changes in behavioral goals,

mainly because several different circuits exist to connect sensory and motor

neurons, they cannot be directly controlled voluntarily.

XHT A BB R SR RE N M, AU RE B H B

Analysis:

In example 16, the translation challenge is primarily associated with the rendering of
the adverbial modifier. In this example, the segment “mainly because several different
circuits exist to connect sensory and motor neurons” is the adverbial modifier that
expresses cause, while “mainly because several different circuits exist to connect

sensory and motor neurons” and “they cannot be directly controlled voluntarily” are
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closely related. In TT1, the translator translated the sentences without adjusting their
order, which would puzzle the target readers and cause focus ambiguity.

As previously discussed, English sentences tend to put “result” and “after” at the
beginning of the sentence in causal and sequential relationships, while Chinese
sentences tend to put “cause” and “first” at the beginning of the sentence in causal and
sequential relationships. In this example, in TT2, the translator placed “mainly
because several different circuits exist to connect sensory and motor neurons”
before* although reflexes are highly adaptable to changes in behavioral goals” and
translated “because” into * /7 77, transferring the focus on the conclusion following
the causative clause to conform to the Chinese expression habits. This adjustment in

TT2 not only enhanced fluency but also clarified the logical focus of the text.

3.2.4 Dividing Long Sentences into Short Sentences in the Passage of
Neuroscience

Sentences in scientific and technological texts contain strong logic, which
inspired the translator to carefully analyze the logic in sentences to understand real
meaning lest he should make obscure or even false translation (il MESE, 2019:6).
By adhering to the concepts of articulation and coherence, the translator is able to
achieve a deeper understanding of the discourse characteristics of the source language
and the communicative intent. This, in turn, enables the translator to structure the
translation more effectively during the stages of transformation and re-creation,
ensuring that it resonates naturally with the target language’s expression norms.
Consequently, the translation can be rendered to flow as smoothly and authentically as
a well-crafted original (8%, 2007:1-6).

In some English long sentences, the relationship between the main clause and the
subordinate clause or modifying part is not close, while Chinese often has the habit of
using short sentences to express the idea. So, it is useful to translate English
subordinate clauses and modifying parts of a long sentence into Chinese short
sentences (T Z 1, 2000:14-16). Division is used to cut them into short sentences in

E-C translation. In addition, in contrast to English, when Chinese sentences unfold in
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a logical order, they tend to start with the cause or condition, followed by the result,

(eI, 2015:38-41).

Example 17:

ST: An internal model that represents the causal relationship between actions and
their consequences is called a forward model because it estimates future sensory
inputs based on motor outputs.

TT1: FKoRAT 8l R Ja R 22 18] AR 5< 5 1 DY R L Ak iy 1 A5 784 DR O B AR A
B RAL T ARK R E I

TT2: T ERYEE s A TSRS, RonAT s A 5 R TR RER K
A A B AR AR Y T TR AR A

Analysis:

In example 17, the difficulty of translation mainly lies in the translation of long
sentences, a common feature in English compared to the shorter, more concise
sentences preferred in Chinese. In TT1, In TTI, the translator directly converted the
lengthy English sentence into a similarly long Chinese sentence, an approach that
lacks naturalness and may not align with Chinese stylistic norms.

As mentioned above, when translating from English to Chinese, we can use the
translation method of division to cut English long sentences into short sentences to
conform to the expression habits of Chinese. In addition, when Chinese sentences
unfold in a logical order, they tend to start with the cause or condition, followed by
the result. Therefore, in TT2 the long English sentence was divided into two short
Chinese sentences and the causal clause was put at the beginning to achieve cohesion
and coherence. In TT2, the internal logic of the passage is clarified with dividing the

long sentence and adding some conjunctions.

Example 18:
ST: Thus, a copy of a descending motor command acting on the sensorimotor system
is passed into a forward model that acts as a neural simulator of the musculoskeletal

system moving in the environment.
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TT1: B, FH T EGEIE 3 R G0 B 712 348 A B AR 22 445 18 20 11 ) A5 5 iy
HIT [ AR )2 LA B i R GEAE A B IS B AP AU 4%

TT2: ik, —/MERTIRGEE 3N R R T Rz 3h 52 B A PR A —A i A
M, ZERE LA B B R GAEM G T s B 2 B0 .

Analysis:

In example 18, the primary challenge in translation is attributed to the processing of
long sentences. In TT1, the translator's approach involved a direct conversion of the
protracted English sentence into a similarly protracted Chinese sentence, an approach
that fails to align with the naturalness expected in Chinese language expression.

As mentioned above, when translating from English to Chinese, we can use the
translation method of division. Therefore, the long English sentence was divided into
two short Chinese sentences and the expression *“ %/ 7’ was added to connect them.
This segmentation of the long sentence, further enhanced by the inclusion of
appropriate conjunctions, has effectively clarified the internal logic of the passage in

TT2, resulting in a more coherent and linguistically appropriate translation.

Example 19:

ST: Although we mayv be aware of the intent to perform a task or of planning

certain sequences of actions and at times are aware of deciding to move at a

particular moment, movements generally seem to occur automatically.

R A — fZIFEEh, (HizzhiE TR B B R AR,
Analysis:

In example 19, the translation challenge is primarily situated in the realm of long
sentence translation. English is characterized by its use of extended sentences, in
contrast to the preference for succinctness in Chinese. I In TTI, the translator's
method consisted of directly translating the lengthy English sentence into a similarly

lengthy Chinese sentence, an approach that fell short of achieving naturalness in the
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target language.

As previously discussed, a division strategy can be effectively employed when
translating English into Chinese, involving the splitting of long English sentences into
shorter Chinese ones to better correspond with Chinese syntactic norms. Therefore, in
TT2, this strategy was applied, dividing the protracted English sentence into two brief
Chinese sentences. By doing so, the internal logic of the passage was delineated, and
the coherence of the text was enhanced through the addition of appropriate

conjunctions in TT2.
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Chapter 4 Reflection

The completion of a translation practice should not stop at the formation of a
translation, but to reflect and summarize the process of translation practice. Reflection
is to examine oneself, and only by understanding one's own “knowledge” and
“ignorance” can one make up for one’s shortcomings and make a better translation in
the next practice. Only when we know what we “know” and “don't know” can we
make up for our shortcomings in the next practice, make better translations, and
improve ourselves. In the translation project, the translator mainly completed the
translation through literature study, expert guidance and group study. Through these
methods, she made the following summary of this translation practice, including four

aspects: post-translation review, translation revelation, gains and limitations.

4.1 Proofreading

Detailed proofreading is an indispensable part of the translation process. As the
translation practice is long and contains contents of certain specialized fields, it is
inevitable that there will be certain subjectivity or mistakes in the translation process,
therefore, after completing the translation, the translator carried out three rounds of
proofreading in order to improve the quality of the translation in the end, and the
specific proofreading process consisted of three rounds: self-revision, in-group
revision, and tutor proofreading.

Firstly, self-revision was carried out, mainly checking whether there were any
obvious mistakes in the details of the translation, such as the use of punctuation, font
size, whether there were mistranslations and omissions, and whether there was
inaccurate verification. Secondly, the group members carried out group revision,
which paid attention to the readability of the translations. The group members read
through the translations without looking at the original text, marking the points that
were difficult to be understood or the points where there was room for modification,
and then reviewing the translations in comparison with the original text,

brainstorming, and discussing the translations. Then the group members made a
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translation review with the original text to discuss the translation problems and
improve the translation quality. Finally, the tutor made a review, mainly suggesting
modifications to some complex sentences and important and difficult problems, and at
the same time annotating the problems of the translation. On this basis, the translator

polished and improved the translation, and finalized it through repeated revisions.

4.2 Gains

Translation is a continuous learning process. Before translation, we can learn a
great deal of knowledge; in the process of translation, we can apply various
translation methods and techniques we have learned; after translation, we must review
the whole translation process and analyze the gains and losses.

First of all, the translator recognizes the necessity of pre-translation preparation,
which includes the understanding of background knowledge, building glossaries as
well as finding suitable translation tools. Understanding the background knowledge to
achieve a complete understanding of the original text and finding suitable translation
tools to improve the quality and speed of translation. In addition, tools for checking
terminology must be authoritative and glossaries need to be kept up to date. In the
process of translation practice, after the material was determined, the translator
actively consulted relevant information according to the content of the original text,
read the parallel text, analyzed the text, and determined the proper noun. Although it
took a long time, it is helpful for the translator to understand the content of the
translation practice and to speed up the process of translation in the later stage.

Secondly, the importance of post-translation proofreading should not be
neglected. Detailed proofreading is an indispensable part of the translation process. In
the case of English to Chinese translation, due to the formal constraints of the shell of
the source language, it is inevitable that awkward or unorthodox expressions might
exist in the Chinese translation. In the process of proofreading, the thinking might be
restricted, so three processes are carried out: self-proofreading, group proofreading

and tutor proofreading. New problems might be found in each process of proofreading,
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so the translations should be revised, embellished and perfected before the final draft
is completed. In one word, the diversified proofreading can make the translations
more reliable.

Finally, translators need to think of solutions to cope with unfavorable factors in
order to do better. English scientific and technical texts have a strong logical structure
as well as more difficult terminology, which can cause difficulties in understanding.
For logical structures, translators need to analyze them step by step. I recognize the
importance of mastering different translation strategies. Translators need to master
various translation strategies, such as omission and transcription, in order to cope with
the important and difficult points in translation. Translation methods and techniques
are difficult to be exhaustive, but they can provide general translation directions and
principles. Flexible use of translation theories, methods and techniques will bring

better translation results.

4.3 Limitations

First of all, the translator is not a professional cognitive neurology learner, and
cannot grasp all the relevant knowledge in a short time, and still lacks in background
knowledge. Although the translator read the relevant materials, due to the limited time,
she only focused on the relationship between the nervous system and movement. As
the nervous system is connected by different organs, each of which is linked to the
other, focusing on only one part is not conducive to her understanding of the
transmission patterns between the cells of the nervous system and other parts of the
text. As a result, her understanding and translation might not be completely accurate.
Secondly, the translation ability needs to be improved. The translator has not fully
mastered all the translation skills. She needs to continue to practice and needs to study

various translation theories in depth and link the theories well with translation practice.
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Appendix

Appendix I: Glossary
Allocentric coordinates g3 B H AR bR
Amplitudes e
Angular velocity bispryia
Arc 52k
Ballistic 5HLIE
Brain stem i+
Cartesian coordinates HRIRALFR
Central neurons HRX R T
Central Nervous System HX P R G5
Closed-loop systems ZiEZ %50
Cranial nerves EUERS
Curvature i
Cutaneous receptors B2 R IR 2 2%
Dorsal roots A RER
Dorsal stream HAE B
Egocentric coordinate systems HEA O AR R
Elevation and azimuth f0u A A1 7 B A
Efferent signal BEHE T
Efference Copy (Corollary Discharge) JECRN B AR (FF Bl 50D
Error Correction in Movement iashiRZEEIE
Feedforward Processes Aot Ak 2
Forward Model 1E [ 5
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Feedback Control SR ]

Fitts’s law ERE
Geometric parameters JIRGE =i

Golgi tendon organs R

Grip force 171

High-level cognitive centers RN FI AR
Inertia TR

Instantaneous values Ht FF AL

Inverse dynamic transformation R B A
Inverse Model pUIL iR

Internal Models P F AR Y

Internal Representations ("Neural Maps") WHRRAE CRRZR T IR
Joint K

Kinematic s, B3 R
Kinetic TR, 18BN
Kinematic Information zsh{E R
Mechanoreceptors BUAR M R 32 2=
Microelectrodes D GER
Microneurography PEL LN
Movement primitive SESNIE S
Movement vector IBBRE

Motor Commands B5hfE 4

Muscle Spindles AR WLy
Motor Learning izsh% ]

Motor Equivalence 1z Bl 5 R
Oscillatory tremor PR35 T = B
Pacinian corpuscles M PR A

Path curvature PRAT 2
Peripheral sensory system A R R Gt
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Power law relation mHERR
Proprioception ARG
Prediction in Motor Control 1z B3 1] T

RA2 fibers PRIE MRS % LT Y
RA2 signals PRIE N EZ & —RES
Retina LA i
Sensorimotor RS
Sensorimotor loop IS BN
Sensorimotor system EWIE ) R Gt
Sensory axons of the peripheral nerve e ] o 22 S i A R
Sensory feedback R it

Sensory signals ST
Spherical coordinates BRI A-HR
Spherical polar coordinates BRI AL bR

Sensory Feedback Delays S S B AE IR
Stereotypical Patterns R

Stimulus receptors IV G

Stylus Mt

Tactile sensations fith i

Tendon reflexes JUUIEE S 55
Tendon-jerk reflex JULIE 4% ST

The two-thirds power law = AR
Torques HHE

Trajectories iz B ik

Velocity profiles 2K

Ventral stream JE Ml

Vestibular labyrinth Hi BE XK
Vestibulo-ocular reflex i 2 - IR 2 S5 3h
Visual cortex bt K2 J7=
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Appendix II: The Source Text and Target Text

Source Text Target Text
The Organization and Planning of |

&gl LA
Movement
Motor ~ Commands  Arise  Through | & B8 2 I B i 15 B e i 1T A
Sensorimotor Transformations /s,
The Central Nervous System Forms Internal | T X4 248 5 48 1 UK 58 12 51 % #i
Models of Sensorimotor Transformations FRJ P S A 7Y
Movement Inaccuracies Arise from Errors | B3R Z K H T e 1 1 22 1
and Variability in the Transformations AZ 4k,

Different Coordinate Systems May Be e -
Y R NG =E T R = S
Employed at Different Stages of B
: : AL R R S8 A TR
Sensorimotor Transformations
Stereotypical Patterns Are Employed in | | e .
BRI GR

Many Movements

Motor Signals Are Subject to Feedforward
and Feedback Control

IBENE 5 ST BN S A5

Feedforward Control Does Not Use Sensory
Feedback

HIT B A Ao B e 54

E

Feedback Control Uses Sensory Signals to

Correct Movements FBERIRISL 5 52 T2 2)
Prediction Compensates for Sensorimotor TR AT DL SR I 2 3 18 31 1 SE 3R 4T
Delays ]|

Sensory Processing Is Different for Action | 7E&IF AR5 1, 5T 4 4k PE
and Perception H AN E

Motor Systems Must Adapt to Development

B3N R G UE N R AT 255
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and Experience

Motor Learning Involves Adapting Internal
Models for Novel Kinematic and Dynamic

Conditions

W Ko Ria s s 715 AR
BN AL R iB ) 2 2

Kinematic and Dynamic Motor Learning

Rely on Different Sensory Modalities

BRSBTS 18 3 SR T
ANTR] R R AR 2

An Overall View

AT NG

In the proceeding part of this book we
considered how the brain constructs internal
representations of the world around us.
These internal representations have no
intrinsic value and are behaviorally
meaningful only when used to guide
movement, whether foraging for food or
attracting a waiter's attention. Thus, the
ultimate  function of the sensory
representations is to shape the actions of the
motor systems. Sensory representations are
the framework in which the motor systems
plan, coordinate, and execute the motor
programs for

responsible purposeful

movement.

FEABIAT—5, WAEHT
R e ) A RATD S B £
R . W RTE R RIS
MR%RIERATE, XEHNEHR
EELANENE, REERTH
FEBIHHAFITRABEL. B,
JECOE RAE 1) e A D) e 2 Bk 18 5
RGMATHN . BRI Z—FPis
ARG IR FRAT A
H 118 3h HIE S FE P HESE

In this part of the book, we describe the
principles of motor control that allow the
brain and spinal cord to maintain balance
and posture; to move our body, limbs, and
eyes; and to communicate through speech

and gesture.

FEARFRX—FST, AR 7
18 B A SR, A K A
REWS DR I5 T DL e 4l R L 5 B
PATH) A VU AIIRES ;I
R H AT AT

Although movements are often classified
according to function-—eye movements,
prehension (reach and grasp), posture,
locomotion, breathing, and speech—many

of these functions are subserved by

B IhEE, EBHBEETULA:
IRERZ3). BT (PRI,
RH. B3, FRAMHEIE. R
M, XEEHEADPHASS
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overlapping groups of muscles. In
addition, the same groups of muscles can be
controlled voluntarily, rhythmically, or
reflexively. For example, the muscles that
control respiration can be used to take a
deep breath voluntarily before diving under
water, to breathe automatically and
rhythmically in a regular cycle of inspiration
and expiration, or to act reflexively in
response to a noxious stimulus in the throat,

producing a cough.

HINLRIEE . Lok, A R AL A #E
ATRAE E A 5 B
Mozl Bilhn, R R LA
A DA SRAE T A K i B 32 iR
W, 2 R AR IR SORTIR S A
T E BRI, B AR
Wlg, 52 B 4G 75 Hill YT 368 e 1 gk A L
SR o

Voluntary movements are those that are
under conscious control by the brain.
Rhythmic movements can also be controlled
voluntarily, but many such movements differ
from voluntary movements in that their
timing and spatial organization is to a large
extent controlled autonomously by spinal or
brain stem circuitry. Reflexes are stereo-
typed responses to specific stimuli that are
generated by simple neural circuits in the
spinal cord or brain stem. Although reflexes
are highly adaptable to changes in
behavioral goals, mainly because several
different circuits exist to connect sensory
and motor neurons, they cannot be

directly controlled voluntarily.

B 32328 5l 5 5 A 28 H K 47 11 (1

Bl2gizsh, FZRiEshtn Pld sk
HEEHER, HTFZ2XERNIE
;5 HE TR, EATHEE

A H LR KRR L R R
A B T L B B . SO
XHRFRE R e Y S N, H A
B0 T 1) ] B 2 el B A .
FAHAEILNA R K BB RE R
Z&aMiEshimar, Hik, BE
IR 53T B in B2 1R R
B, EMMAREREHAE
2l o

In this chapter we focus on voluntary
movements, using arm and hand movements
to illustrate principles of sensorimotor
control. Reflexes and rhythmic movements
are discussed in detail in Chapters 35 and

36.

X —FEH, FATELAREE
izgh, HFBEMTRzshkim
JEEIE Bl A I S B . B S MY

ZIBHNBIE S 35 LS 36 &=

TR 2 .
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Conscious processes are not necessary for
moment- to-moment control of movement.
Although we may be aware of the intent
to perform a task or of planning certain
sequences of actions and at times are
aware of deciding to move at a particular
moment, movements generally seem to
occur automatically. We carry out the most
complicated movements without a thought
to the actual joint motions or muscle
contractions required. The tennis player does
not consciously decide which muscles to use
to return a serve with a backhand or which
body parts must be moved to intercept the
ball. In fact, thinking about each body
movement before it takes place can disrupt

the player's performance.

A BRI REXT T 32 30 1) I 8] 4%
AR 2. REBATATREE IR
B AT — A K B B BRI
HATShHIR R, AR IR R
REX 4 ER 23, HiZ3)
BELDFREBEREN. RAME
BEAT R EIRENEN, AaFE
S B fR) 9% 1 38 3 BRUVL AT USC 48 1) e
o MEBZE) RA A BRIk
SE FH TR B UL PR K [m] o s T+ 5 B
B VA 2T H ) R 6 B A 8 A R A 48
BRo HL b, £ SEkE
RAEZATETE, SPHLER R R
Bl

In this chapter we review the principles that
govern the neural control of movement
using concepts derived from behavioral
studies and from computational models that
are used both to understand the brain and to
control the movements of robots. First, we
look at how the brain transforms sensory
inputs into motor outputs through a cascade
of sensorimotor transformations. Second, we
examine how sensory feedback can be used
to correct errors that arise during movement.
Finally, we see how motor learning allows
us to improve our performance; to adapt to
new mechanical conditions, as when using a
tool; or to adapt to novel correspondences

between sensory and motor events, for

X —FEH, FATEE T S RiE
B ] A N, XL
KEFAT B U AR, X
AR Y T B AR R A 92 ) AL
ANizzh. B, AW 7K
30 A ) o] 3 B R ) SR s A
RN TN S SR K
o Foix, FRATTHF FC ey 1) H Ik
W R 2 1E 18 B o B A
we A, BAVEDEsh
T e AT R I 3 ST AL
PR AT, Al T E N B B
S GE B Bl A 2 T8) R8T (R 0
KA, s > A% T H R s 4% A

45




TR TR R 2 103

example when learning to use a computer

mouse to control a cursor.

JehRI o

Motor ~ Commands  Arise Through

Sensorimotor Transformations

& ) e He it ke

S E RS I BURG e e

%

Motor outputs are neural commands that act
on the muscles, causing them to contract and
generate movement. These outputs are
derived from sensory inputs in circuits that
represent  sensorimotor  transformations.
Sensory inputs include extrinsic information
about the state of world as well as intrinsic
information about our body. Extrinsic
information, for example the spatial location

of a target, can be provided by auditory and

12 3% R AE R T ILA I oh & 4
L, EA g It e, X
B4 H R B AR R 18 3 B 4 1K
L R N o B A A B
5 kT SRS A EAE B B
KT IEBNERFE . IME
58, Pl H A EALE, A]
A H W o AL s AN SE it . A

visual inputs. Intrinsic information includes | 15 /& BALFE T IAT S AR 1 iE 3))
both kinematic and kinetic information | flz} /72%(E 2.,
about our body.
Kinematic information includes the position,
BRI E AT E. W2

velocity, and acceleration of the hand, joint
angles, and lengths of muscles without
reference to the forces that cause them.
Kinetic information is concerned with the
forces generated or experienced by our body.
These intrinsic

different forms of

information are provided by different

sensors. For example, information about
muscle lengths and their rate of change is
provided mainly by muscle spindles,
whereas Golgi tendon organs in the muscles
and mechanoreceptors in our skin provide

information about the force we are exerting.

AUINIE L 55 1) A EERTALIAL I
KE, BEAYRENIEX
B AR B R BAT B A
B T ). X EEA R TE 2
(1) A AE AT S22 A [R] (1 A% a4 42
L. fln, ST WUAH B R 3
AL AR A5 S 32 2 UL A
B, AL AT A ) e % 22 fl 2 AT
B IR B BRI 52 4 U9 ik AT ]
FITHEAR ) 77 1R 45 12

»
/\o

Simple reflexes, such as a tendon-jerk

reflex, involve a simple sensorimotor

5 B PR SO UL il 48 B i
W LA T FL ) IR B B e e
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transformation: Sensory inputs cause motor
output directly without the intervention of
higher brain centers. However, voluntary
movement requires multistage sensorimotor
The of

transformations. involvement

multiple  processing centers  actually
simplifies processing: Higher levels plan
more general goals, whereas lower levels
concern themselves with how these goals

can be implemented.

BTN B S E0s s, A
e R D T . R
i1, HEIE 8075 22 B B -
Bahki. AN MHEPLNSS
sefp BfaA 7 ACE SRR . SRy
B RIS 298 KOS AR A bs, i
IR i B T S D) 5 2 iy S2 B
XL H Fro

Such a hierarchy accounts for the fact that a
specific motor action, such as writing, can
be performed in different ways with more or
less the result.

same Handwriting is

structurally similar regardless of the size of

X JZ IR B 1A A
5, Bl —RFER Iz shan /.
55, AT LA R 07 AT
iR AKRBANFE . T 7 BEW
RN B 45 5 A IR A B B 4 15

the letters or the limb or body segment used R AE, ZEIRTELE R 2
to produce it (Figure 33-1). ML 33-1)

This phenomenon, termed motor

equivalence, suggests that purposeful KRR BAR IS S H A, R
movements are represented in the brain WA B I B da 3 7 K v B a2 v 43
trajectory, the time course over which these | A, XK [EELEF, X
positions will be covered, and thus the | tufi; B4 B %, MAI Hizs

accelerations and speeds of the movement

(Figure 33-2B).

BN AR (K] 33-2B)

In a hierarchical model of planning the goal
can be expressed in kinematic terms, such as
the desired positions and velocities of the
hand, or in kinetic terms, such as the force
exerted by the hand. Movement can be
planned as an endpoint trajectory, a desired
change in the configuration of the limb

expressed in coordinates intrinsic to the

FEIHRIM o JZ A A, HARAT

Hig s RiEkRIE, wmFrE
MALEAEE, sHIEHFARE
KFRIE, WFANM . E5)

A RA ROy — A& L, B
FH IR AR [ A 1) A& s 28 27 1A IR A
P B TR AL .
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limb.

Such a coordinate system could determine
the change in joint angles or be based on a
desired change in proprioceptive feedback.

For example, the endpoint trajectory could

X FPAL bR 28 G R] LA SE SR A R
RIARAL, B3 T AR JEE S 13t 1
TR AL . il an, it AR AT DL

fEig gl bog O T 2k H AR
be defined kinematically as the distance and o
o FEEAN T W, DA ABIIA H AR
direction the hand has to move to reach the
/%S SEC ¥R
target, as well as the speed along the path to & R
the target.
Transformations can be expressed as
changes in kinematic variables, such as the AL R VLR R N I8 B 22 AR B AL

position of the hand and the joint angles that

place the hand at that position. The
calculation of an endpoint from a set of joint
forward kinematic

angles termed

transformation, whereas abstractly rather
than as sets of specific joint motions or
muscle  contractions. Such  abstract
representations of movement, able to drive
different effectors, provide a degree of
flexibility of action not practical with preset

motor programs.

e, In T B AL EAE AL T iz hs
BRRTAE. N—dHRT AL
TR (0 2% SRR O T R E B S A
e, MARM G A A
PRI R 18 B B A W A . XA
R W E KR, BB RENAFE
IO g, AT — R AT
BRI, XAAEWBKIZ SR
AT SE

How do sensorimotor transformations
generate movement to a desired location?
For a person to reach toward an object,
sensory information about the target's
location must be converted into a
sequence of muscle actions leading to
joint rotations that will bring the hand to

the target.

12 Bl e e In A ik is B i 4
BEITHMLER? XFTF—PMAK
W, EREFMHE— 0E, i
WAL R T Wik b B KR 45 B
BUA—ERHKNANE, £

RITeFe, BAMERTRBGER
Hufih K2 B ARPDAE o

L
I
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First, the target is localized in space relative
to some part of the body such as the head or
arm (egocentric space). Several sources of
information are combined in this process.
For example, the location of the target
relative to the head is computed from the
location of the target on each retina together
with the direction of gaze of the eyes (Figure
33-2A). A person also needs to know the
initial location of his hand or the tip of the
tool that he wishes to place on the target (the
end- effector or endpoint). The initial
location of the endpoint can be estimated by
combining visual inputs, proprioceptive
signals, and tactile sensations, each of which
can provide location information. Once the
current configuration of the arm and the
location of the target are calculated, a
movement can be planned. A plan typically
has to specify both a particular path, the
successive spatial positions of the endpoint,
and also the calculation of a set of joint
angles that can reach an endpoint is termed
inverse kinematic transformation (Figure 33-
2C). This transformation must take into
account the geometric parameters of the
arm, such as the lengths of the upper arm
and forearm (recall that kinematics considers
motion without reference to the forces that
cause it). The motor system controls joint

angle by activating muscles that produce

torques (rotational forces) at the joint.

B, HARTE S (B AR T B Ak
3L oy, sk # s T (LU
B A O ED HEhL. 1

R, A ILE B S
Gk Bilan, HFRAEX Tk
(A7 B 2 AR H bR A5 A5 JU 0 fi
R A7 B RTHIR B PR AR T T v A
HoRE (B 33-2A0), — P ANIETH
A A 1) T B A A SR B AR
b T T BB AR AL B (S
RO A% Bl A5 o i A MR B

LR A - ARG
AN R S OR A S, AR

AR EE R . — Bt A
RS R iU R U E R At UE A

B, oAt BLik Rl — A esh. A
TR BE B E A E I
. ARNESTRME, BE

T3 — 2H AT DLk 28 50 26T A
B, XA IS E g (K
33-2C) . XA 40 A5 [ B T
B L 25, i AT )
KE (BE—TF, E3%EEN
B MA RS RZa ). 18
Ay 72 40 8 WO AE DR AL 7R AR
71 W& 730 1R UL PR R4 il 5% 4
FRE

The action of motor commands on muscles

PRz 3h 4 X LAY FA) A P i 7 2
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that results in a set of angular positions and
velocities is known as the forward dynamic
transformation. The term "dynamic" refers
to the forces required to cause motion.
However, to generate a desired joint angle
trajectory the system must convert kinematic
parameters into motor commands. That is,
the system must calculate the torques at each
joint necessary to achieve the motion and
relate the force required to cause this motion
to the desired acceleration of the limb. This
transformation is known as the inverse
dynamic transformation (Figure 33-2D). In
general, to cause any acceleration the forces
applied must exceed any resistive forces
arising from the viscosity or stiffness of the
limb, from gravity, and from external loads.
The force not required to overcome the total
resistive force will cause an angular
acceleration, with the acceleration being
dependent on the limb's inertia; the lower

the inertia, the higher the acceleration.

(¥ — 20 ff P2 Ao BRI FE AR Ak, 3R
IR AT A et . RiE"2)
ARIESIRIETFE R R
MM, AT P — AN EAR I T A
FEHIT, RGNITKIEE %S
HHoNieshis 4. R, &
grn T SC I B BT R 1) A
AR, IR RR i
) JT 5 1) 775 JEAAR 1 44 ook
BR AR X B B R B
S (8 332D). — R,
REEE P AR A B, BT N 1) 7
ZR I PR A PR RGP B L
JI AN AN A A 51 AT AT BE 7T
AN B U BH 0 1 0 51 R A
IR RE, T R T IR A A8
P BVEBRAG, InIE AR

Thus, through a series of sensorimotor
transformations, sensory input is finally
converted into muscle contractions that
generate movement. Although we have
described series  of

one  possible

transformations that can achieve a
movement, the actual computations used by
the central nervous system are still under

active investigation.

PRk, 8 — R K I8 B e
e, BOER N RAFARNBE S K
BENLAY . RERMNESA
IR 7 — R RESL BB B Y A fE
B, AH XM A R G Al s
PRt AT AERIR I T2 o

Movement planning
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Inverse kinematics Wiz g

Elbow angle trajectory I RS AR BRI

Inverse kinematics Wiz )7

Shoulder angle trajectory JA A FE

Elbow torque it ER LR

Shoulder torque JA AR

The Central Nervous System Forms Internal HX 1 22 R G2 I8 R i Bl e
Models of Sensorimotor Transformations FJ P S A 7Y

We know from cellular studies that the
central nervous system contains internal
representations ("nmeural maps") of the
various sensory receptor arrays and the
musculature. Experimental and modeling
studies strongly suggest that the central
nervous system also maintains internal
representations that relate motor commands
to the sensory signals expected as a result of

movement.

HATNAHHLHE ST 7550, A AR A
22 A GV S P E SZ AR R 51 A1
LA ZH 23 1) A B SR AL (“ A2 TTBR
SF 7). S U6 AT BT AT 9 2 SR
W, XA RS IREEE P
RAL, Kizzhia <5 WU K2 5)
RIS T ARE R

Given the fixed lengths of our limb

segments, there is a mathematical
relationship between the joint angles of the
arm and the location of the hand in space. A
neural representation of this relationship
allows the central nervous system to
estimate hand position if it knows the joint
angles and segment lengths. The neural
circuits that compute such sensorimotor

transformations are examples of internal

models (Box  33-1). Such neural
representations may not exactly match true
relationships ~ because  of  structural

differences (the models only approximate

ST TR PR R B [
FIE 1) 5T A TR T 2 ) 1 A7
B FES —MEF R R W
SRR 22 2R G N TE 5 A A
TR, BAXFXRINE
RIEAT DAL HF WA E . T
BT o JE 9 38 B e (1 o 22 T
e WEBEL R4 5~ (HE 33-1).
i F S CBRAGE LT
DR A AN T A B 2 [R) (1 B S
KER) NS R O
TERKEWHIRGED), X FE
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the true relationship between joint angles
and hand position) or errors in the model's
parameters (incorrect estimates of segment

lengths).

RILATRE S AL R A AT 2L
LG

An internal model that represents the
causal relationship between actions and
their consequences is called a forward
model because it estimates future sensory
inputs based on motor outputs. A forward
model anticipates how the motor system's
state will change as a result of a motor
command. Thus, a copy of a descending
motor command acting on the
sensorimotor system is passed into a
forward model that acts as a neural
simulator of the musculoskeletal system
moving in the environment. This copy of
the motor command is known as an
efference copy (or corollary discharge) to
signify that it is a copy of the efferent signal
flowing from the central nervous system to
the muscles. We will see later how such
simulations can be learned and used in

sensorimotor control.

H T e AR Y8 12 Byt Al v R SR
BN, RETHMEFRZ
1] X1 SR 5% 2% B PO AR B 4 AR N i

MR, J R AR T E 3 R 4
FR IR 25K G An] 15 32 Bl 45 4 1 45

Rk, Fik, —MERTRE
WIZF RGN T HEIZS)1R 4 ME]
RN AER, ZER
ERNAE 8 R AL EFIZF)
HMAERE. XMEshiESm
P UL AR O R A B A (BRAEBE T
M), RRER—NNFIRIE R
G n] LA ) IR ANS B 5 L
AR ALE S5 T A B I R S DL A
o] 4 2% >3 A0 F 1 I 12 B 4% il
.

An internal model that calculates motor
outputs from sensory inputs is known as an
inverse model. Such a model can determine
what motor commands are needed to
produce the particular movements necessary

to achieve a desired sensory consequence.

ML S A\ TSR3 Bl A H ) PN R
R AR I [ BT o S R A
RR] DL E 7 2 AT A FE N 3h 3
LKA E Ry E SR, Lk
BT I 2R

Forward and inverse models can be better
understood if we place the two in series. If

the structure and parameter values of each

R R BATTHE 1 A A0 e 1] 5 R AR
R, n] LS e b B X
PR o SRR ) S
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model are correct, the output of the forward
model (the predicted behavior) will be the
same as the input to the inverse model (the

desired behavior)(Figure 33-3).

A2 EW 1, IE m AR
Mok (FIMAT ) K5 S s
Mg QAT A (E
33-3).

Box 33-1 Internal Models

HE 33-1 A FRASE Y

The utility of numerical models in the

physical sciences has a long history.
Numerical models are abstract quantitative
representations  of

complex  physical

systems. Some start with equations and
parameters that represent initial conditions
and run forward, either in time or space, to
generate physical variables at some future
state. For example, we can construct a model
of the weather that predicts wind speed and
temperature two weeks from now. In
general, the algorithms and parameters of

the model should lead to one correct answer.

H A BB E W BB 1 B
KOA . BUEBREE AR R
G R EN RN . FLBRN
AT 48 5% A1 1) 77 2 N 2 HOT
, FE I TE] B E] b ) RSB AT
DU AR R R JE AN IR 2 1 4 3 AR
filan, FATAT AR — AR
R, FRUI 7 ) i B X TR
— ROk, B SRS

Other models start with a state, a set of
physical variables with specific values, and
operate in the inverse direction to determine
what parameters in the system account for
that state. When we fit a straight line to a set
of data points, we are constructing an
inverse model that estimates slope and
intercept based on the equations of the
system being linear. An inverse model may

thus inform us how to set the parameters of

the system to obtain desired outcomes.

=
=
B
KON % e 277 A IE R R A
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filb A A — IR I g, BI—
HEAREENYHEAZE, JHE
[J5 1A E#RAE, DA E RGN
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1K — 2 B2 & 21— LA
B, BRATT AR A A
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R . Bk, W AT
THUREATAT B E R A S H
LR B 1 45

Over the last 50 years, the idea that the

nervous system has similar predictive

models of the physical world to guide

L ER S0 F R, e Rg
SACK A T A T AR A R 4 3
1T AR AR B4 O 2 B
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behavior has become a major issue in

neuroscience. The idea originated in
Kenneth Craik's notion of internal models
for cognitive function. In his 1943 book, The
Nature of Explanation, Craik was perhaps
the first to suggest that organisms make use
of internal representations of the external

world:

—ANE R, XA R ET
H JE Wi- 5 T e AN ) e P A
R RE & . FEAR 1943 4F W Al )
(RREMARY —Hd, 7EHERT
W2 M IRH XMW
Ao

"If the organism carries a 'small-scale model'
of external reality and of its own possible
actions within its head, it is able to try out
various alternatives, conclude which is the
best of them, react to future situations before
they arise, utilize the knowledge of past
events in dealing with the present and future,
and in every way to react in a much fuller,
safer, and more competent manner to the

emergencies which face it."

"R WL AE S i R o A
BLSE AN B 5 A BEAT B/ AR A
R, B HRES 22K % Rl g ik Uy
X, FHEFREFOLEER, £R
RAF DL BLZ BUAE RN, A2 A
AL AN AROR N A L 25 AR
R, JFAE A5 i DL 4
g, ARSI 7 SO E P
T I F) 25 U DU SN

In this view an internal model allows an
organism to contemplate the consequences
actions  without

of  current actually

committing itself to those actions.

FERXFPU A, NEE R R VE A
PUIA 25 & H T AT 3 Ja A A
KPR EATIREEAT A

Considering the human body from the

viewpoint of sensorimotor control, we
should ask two fundamental questions. First,
how can we generate actions on the system
so as to control its behavior? Second, how
can we predict the consequences of our

actions?

MR BE 32 B % il 1 A B BN
A, AT N % 52 P A 3 A ]
Mo H5E, EATWTE RS B
AATEh, DEHHEATON? B,
AT PR AT AT B B i R 2

The central nervous system must exercise
both control and prediction to achieve
skilled motor performance. Prediction and

control are two sides of the same coin, and

HHX #4258 0 20 I 1 AT 4 )
AT, B3 AT . T
IR A7 1) S — S T R A T, X
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the two processes map exactly onto forward
and inverse models. Prediction turns motor
commands into

expected sensory

consequences, whereas control turns desired

PR A S RE I B IR S 1) O [ A A [
A . WK I B4R 2 Fe ik N
P S B SR TE i R B
IRVESIWEE S22 SR eIk =

sensory consequences into motor

commands.

Desired behavior TA1T

Inverse model 1 [ R AR

Moror command FEIRTE %

Forward model 1 [ 1Y

Actual LT A

Predicted behavior AT 9

Movement Inaccuracies Arise from Errors | B3R Z K H T et (1 3% 22 A1
and Variability in the Transformations A5 Ak,

Motor control is often imprecise. Indeed,
society celebrates those who can throw a
dart into a small area of a board or hit a
small white ball into a hole with a club.
However, even the movements of the most
skilled players show some degree of
variability. In the 1890s the psychologist
Robert Woodworth showed that fast
movements are less accurate than slow ones.
People slow their movements when accuracy
is demanded. Inaccuracy can arise either
from variability in the sensory inputs and
motor outputs or from errors in the internal

representations of this information.

AR HAE R AR . W
By, A2 o) T S B A o T B Ak
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An important component of sensorimotor

S B B AR K — A BB A
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variability is the intrinsic variability of our
sensors and motor neurons because of
fluctuations in their membrane potential.
Because of these fluctuations, known as
neural noise, the level of input signals
required to trigger postsynaptic action
potentials also varies. On the input side,
neural noise limits the accuracy of estimates
of the location of a target or limb (how near
an estimate is to the true value) as well as
their precision (how accurate the estimate is
when repeated). On the output side, neural
noise limits the accuracy and precision with
which we contract our muscles. Moreover,
the amount of noise in motor commands
tends to increase with larger motor
commands, limiting our ability to move
rapidly and accurately at the same time. This
increase in variability is caused by random
variation in both the excitability of motor
neurons and the recruitment of the additional
motor units needed to produce increases in

force.

73 2 FAT N ALl A5 Az s 4
76 T H R H AT ) i 3 T 7 A Y

WAEARETE . T X s, B
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FEFED) LAREATRIASHE (ER
S R R ) . R T
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Incremental increases in force are produced
by progressively smaller sets of motor

each of which produces

of

neurons,
disproportionately greater increments
force (see Chapter 34). Therefore, as force
increases, fluctuations in the number of
motor neurons lead to greater fluctuations in
force. The consequences of this can be
observed experimentally by asking subjects

to generate a constant force or a force pulse

73 0033 1 2 B AR /N [ 38 B A
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of fixed amplitude. Not only are subjects
unable to maintain a constant force, but the
variability of force also increases with the
level of the force. Over a large range, this
increase in variability is captured by a
constant coefficient of variation (the
standard deviation divided by the mean
force). This dependence of variability on
force corresponds to the increase in the
variability of pointing movements with the
average speed of movement. The decrease in
the accuracy of movement with increasing

speed is known as the speed-accuracy trade-

off (Figure 33-4).
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Errors can also arise from inaccuracy in the
internal models that compute sensorimotor
transformations. Neural representations of
the musculature cannot easily capture the
complex biomechanical properties of the
musculoskeletal system, and this in turn
significantly complicates the ability of the
brain to compute accurate sensorimotor
transformations. Indeed, the dependence of
muscle force on motor command is itself
highly complex. A model prescribing motion
in a system with just a single joint must not
only estimate the muscle force (or torque)
but also take into account inertia (the mass
resisting acceleration), viscosity (resistive
forces proportional to velocity), stiffness
(elastic forces proportional to displacement)
produced by the muscles and tendons

opposing movement, and gravity.
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The dynamic relationship between segments
of limbs further complicates sensorimotor
transformations. The motion of each
segment produces torques, and potentially
motions, at all other segments through

mechanical interactions. For example,
flexion of the upper arm through shoulder
rotation can lead to either extension or
flexion of the elbow depending on the initial
elbow angle. In general, because of the
interactions between linked segments, the
torques needed to produce a specific change
in angle at a particular joint depend not only
on the muscles acting directly at this joint
but also on the configurations and the
motions of all other joints, and especially
their acceleration. The brain develops an
internal model of these complex mechanical
interactions through learning early in
childhood. We will see later that this
learning is updated throughout life and
depends critically on proprioception, which
provides the brain with information about

changes in muscle length and joint angles.
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Target line
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Movement time (ms)
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Different Coordinate Systems May Be

Employed at Different Stages of

Sensorimotor Transformations
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Different coordinate systems are used in

sensorimotor  transformations and are
encoded in several brain regions. Coordinate
systems are either extrinsic or intrinsic to the
body. Extrinsic coordinate systems relate
objects in the outside world to other objects
(allocentric coordinates) or to our body
(egocentric coordinates) using
exteroceptive information, usually visual or
auditory (Figures 33-5A and B). Intrinsic
coordinate systems, such as the set of
muscle lengths or set of joint angles (Figure
33-5C), are based on information provided

primarily by proprioceptive systems.

TERRSE B B i F b, g
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Elucidating the coordinate systems used in
sensorimotor transformations is a major
endeavor in neuroscience. We will see in
later chapters that this issue can be fruitfully
studied by examining how the firing patterns
of neurons in different parts of the brain
encode task features or movement
parameters. Such studies aim to determine
the variables (such as position or velocity) or

of coordinate system (such as

type
allocentric or egocentric) that the neurons

encode.
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Behavioral studies also have used a variety
of methods to examine the coordinate
systems used in directing movement. One
way has been to examine the details of the
errors made during movement in different

tasks. When subjects are asked to reach a
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rapidly and repeatedly to a target, the error
in the movements can be measured in
different ways. If we average the final
location of the hand across many trials, we
may find a constant error or bias in the
movement. We can examine the distribution
of the final locations of the hand about this
average position and infer from the patterns
of constant and variable error the coordinate

system used in the movement (Box 33-2).

IR ZE . I RRATHE 2 OR G
HHORE ST 0 B 440 B AT P 8t
B, BATE RE 2 R ILE ) E
TR ZE U 22 . FRATT AT AR A
(1) e A B AE XA I E 1 1
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X HE T S 2l A Ad 0 A AR AR
4 (HE 33-2),

Stereotypical Patterns Are Employed in

Many Movements

Vr2iash R AL iR

Given a task, motor plans are under
constrained. For example, the hand can
move to a target along an infinite number of
possible paths, and for each path there is an
infinite number of trajectories. Having
specified the path and velocity, each point
along the path could be reached by any
number of combinations of arm joint angles
and, owing to the overlapping actions of
muscles and the ability to co-contract, each

arm configuration could be achieved by

many different combinations of muscles.

M MES, BshitlREZIR
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Although we have described different types
of sensorimotor transformations, in general,
the inverse transformations cannot be
uniquely specified. For example, the inverse
kinematic transformation that transforms
hand positions into joint angles can have
many outputs based on the same input. This
is because many different combinations of

joint angles will put the hand in the same

REEMNOEME 7 AFRZEAK
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place. The ability of the motor systems to
achieve a task in many different ways is
called redundancy. If one way of achieving a
task is not practical, there is usually an

alternative.

77 2Q SR B — THUE 55 1) BE 1 K
NITUAENE . AR SEEL— HUE S5
R A, BE A
7 2

Some of the earliest studies of movement
examined how the brain determines the
law

duration of a movement. Fitts's

describes the relationship between the
amplitude, accuracy, and duration of a
movement. This law relates the duration of a
movement to the accuracy required of the
task, as determined by the target width and
amplitude of the movement, and applies to a
variety of tasks such as reaching, placing
pegs in holes, and picking up objects (Figure

33-8).

— iR BRI E B B 5 T ORI
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Box 33-2 The Brain's Choice of Spatial
Coordinate System Depends on the Task

HE 33-2 MRt 22 18] AL b 2R 1) e 35
BR AT 55 1 5

When subjects are shown a visual target and
asked to reach for it repeatedly, the pattern
of errors they make varies with the
circumstance of the task. By examining
these errors it is possible to assess which
coordinate system is used to represent the

target position under different conditions.

2 WEFH DD H bR IF 4
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For example, when subjects are required to
move their hands on a horizontal surface and
can estimate the starting position of their
hands before movement, the pattern of errors
"hand-centered"

indicates planning in

coordinates. The distributions of the

endpoints of the movements demonstrate

B, =2l g EORE — K
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that, under the conditions of the task, errors
in distance and direction are independent of
each other (Figure 33-6) and thus that errors
in the extent of a movement cannot be
predicted from errors in direction. The
independence of the two types of errors
suggests that for this type of task, subjects
estimate distance and direction relative to a
specific starting location (that is a movement

vector) in Cartesian coordinates.

A7 T YR R A LS (

33-6), KHit, iazhiu R iRA
Be M7 18] )l A5 R T R . I

PSR IR A MOLPE R, X 3K
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Conversely, when subjects make large three-
dimensional movements to remember visual
targets in the dark, a different pattern of
error is observed When the target and finger
locations at the end of the reach are plotted
against each other in terms of spherical
coordinates centered on the shoulder,
angular errors (elevation and azimuth) are
small, whereas errors in the radial extent of
the movement are significant (Figure 33-7).
Moreover, the two types of errors are not
correlated. However, if the target and finger
locations are plotted in terms of spherical
coordinates centered on the head, the errors

are correlated.

The fact that the spherical coordinate system

centered on the shoulder produces
uncorrelated errors suggests that at some
stage in the sensorimotor transformation, the
target is represented in shoulder-centered
coordinates. Recent work suggests that this

pattern of errors reflects planning for a final
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hand position rather than a particular hand | 7JF,
trajectory.
Despite  variations in the movement o
o , RGN T IA) . AL E A AR
direction, speed, and location, several

aspects of reaching movements are

stereotypical or invariant. First, the hand

tends to follow roughly a straight path

(Figure 33-9A), although significant
curvature is observed for certain
movements, particularly vertical

movements and movements near the
boundaries of the reachable space. The
tendency to make straight-line movements
characterizes a large class of movements and
is surprising given that the muscles act to
rotate joints. Second, a plot of hand speed
over time is typically smooth, unimodal, and
roughly symmetric (bell-shaped) (Figure 33-
9B). This is not the case when movement
requirements high or

accuracy arc

corrections to the movement are made.
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In contrast, the motions of the joints in series
(such as the shoulder, elbow, and wrist) are
complicated and vary greatly with different
initial and final positions. Because rotation
at a single joint would produce an arc at the
hand, both elbow and shoulder joints must
be rotated concurrently to produce a straight
path. In some directions the elbow moves
more than the shoulder; in others, the
reverse occurs. When the hand is moved
from one side of the body to the other (see

Figure 33-9A, movement from T2 to T5)
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one or both joints may have to reverse
direction in midcourse. The fact that hand
trajectories are more invariant than joint
trajectories suggests that the motor system
typically controls the hand by adjusting joint
rotations and torques to achieve desired

hand trajectories.

Hz2h), — BT AT RE 2L
FEH R A TT 10 . T s B P
FER AT B B L BE AR E, X
WIS Bl 7 G0 i R R
O T 2 AR SR A 1 3, DLk B
HARRE BN I .

Invariances can also be seen in more
complex movements. The nervous system
puts together complex actions from
elemental movements that have highly
stereotyped spatial and temporal
characteristics. For example, the seemingly
continuous motion of drawing a figure eight
actually consists of several discrete
movements that are roughly constant in
duration, regardless of their size. Moreover,
there is a relationship between the curvature
of each elemental movement and speed:
Subjects tend to slow the hand as the
curvature of the path increases. Empirical
studies have shown that for many tasks a
power law relation, the two-thirds power
law, governs the relationship between hand

speed and path curvature (Figure 33-10).
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The simple spatiotemporal elements of a
complex movement are called movement
primitives or movement schemas. Like the
simple lines, ovals, or squares in computer
graphics programs, movement schemas can
be scaled in size or time. The neural
representations of complex actions, such as

prehension, writing, typing, or drawing, are

5938 B If) ] LN 25 0 A AR A
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thought to be stored sets of these simple

spatiotemporal elements.

TOR AR

Recent computational studies of a variety of
tasks suggest that a repertory of movement
schemas is the result of a process in which
all possible ways of moving are ranked
and the best is selected. This idea implies
that either through evolution or motor
movements improve

learning our

progressively until some limit is reached.

To quantify how good or bad a movement
the brain assigns a cost to each possible
movement, and the movement with the
lowest cost is executed. The cost is specified
as some function of the movement and task,
and the challenge to researchers has been to
determine, from observed movement
patterns and perturbation studies, the form of

this function.
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The cost may be kinematic; for example,
lack of smoothness in a movement can be
corrected by minimizing the rate of change
of hand acceleration summed over a
movement. Alternatively, the cost may be
For because the

dynamic. example,

variability in the motor output is
proportional to the magnitude of the motor
command, repetition of the same sequence
of intended motor commands many times
will lead to a distribution of actual
movements. Modifying the sequence of

motor commands can control aspects of this
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distribution, such as the spread of positions
of the hand at the end of the movement. In a
simple aiming movement, the cost is the
final error, as measured by the variability
about the target. A model that minimizes this
cost would accurately predict the trajectories

of both eye and arm movements.
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Motor Signals Are Subject to Feedforward
and Feedback Control

BB 5 S T AU S A il

So far, we have focused on how sensory
inputs are used to plan a movement and why
the resulting movements can have errors.
Sensory inputs to the motor systems during a
movement provide information about errors
that arise from neural noise, from
inaccuracies in the motor commands as a
result of flaws in the internal models, or
from changes in the outside world, such as
the unexpected motion of a target. We now
examine what part these errors play in two
forms of motor control, feedforward and

feedback control.

FIHAOYIE, FATEZSER R
S A N 2 A0 AT A ORI B B

¥, BLE Nt AR AN sh &=
HixZE. B REPXHEs) &
gt 1 B ni By N BRI TR R IS
B, X T AP M DL

PN BT TR R BB, AT S B IE
2 Fi5 4 AN E i B4 FS 5 1) A2
e, wmHB R ES NS AT
FERT FEIX LA R AE P PR S 18
S 8] (R A5 A S A5 ) P kR A 4
B

Feedforward Control Does Not Use Sensory
Feedback

HIT B 42 1) AN A5 FH T S 5t

Movements that are not correctible during
the movement are often termed ballistic.
This term is ordinarily applied to the
trajectory of unpowered projectiles (such as
ballistic missiles) that, once launched, can
no longer be controlled and are subject only
to gravity. Because arm movements can
potentially be controlled throughout their
the term feedforward

course, however,
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control more accurately describes the
trajectory.
Feedforward commands are generated

without regard to the consequences. Such

commands are also termed open-loop

because the sensorimotor loop is not

completed by sensory feedback (Figure 33-
11A).
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Open-loop control is advantageous if we

consider the delays inherent in the
sensorimotor system. Both conversion of
stimulus energy into neural signals by
stimulus receptors and the conveyance of the
sensory signals to central neurons take time.
For example, visual feedback can take
approximately 100 ms to be processed in the
retina and transmitted to the visual cortex. In
addition to delays in the peripheral sensory
system, there are also delays in central
processing, in the transmission of efferent
signals to motor neurons, and in the
response of muscles. In all, the combined
sensorimotor loop delay is appreciable,
approximately 200 ms for a response to a
visual stimulus. This delay means that rapid

movements, such as the saccades of the eye
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that last less than 100 ms, cannot use

sensory feedback to guide the eye onto a | f5 o

target.

Even with slower movements, such as B 2 A 18 1y dz 2, R il
deliberate reaching, which can take | T, FIHETFF 2 K% 500 Z1p, &
approximately 500 ms, sensory information | 4 (= B 1 A §8 H Sk & 512 B [ %]
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cannot be used to guide the initial part of a
movement, so open-loop control must be
used. This open-loop component can be
clearly demonstrated. Both the initial speed
and the acceleration of the hand during
reaching are proportional to the distance of
the target. This and the straightness of
hand paths mean that the extent of a
movement is planned Dbefore the
movement is initiated, and the movement
is generated in a feedforward manner

(Figure 33-12).
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FEAER) (B 33-12).

Open-loop control also has disadvantages.
by
feedback

Any movement errors  caused

inaccuracies in  planning

adjustment would be seen or execution will

not be corrected, and therefore will

compound themselves over time or
successive movements. The more complex
the system under control, the more difficult
it is to arrive at a perfect inverse model
the

vestibulo-ocular reflex (see Chapter 40)

through learning. For example,
uses open-loop control to maintain fixation
during head rotation. This is a very efficient
system as the dynamics of the eye are
relatively simple, and the rotation of the
head can be directly sensed by the vestibular
labyrinth. The complexity of the arm,
however, makes it very difficult to optimize
an inverse model, and thus the control of

hand movement requires some form of error

correction.
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Feedback Control Uses Sensory Signals to

Correct Movements

S A I A5 5 A B

The simplest form of feedback control is one
in which the control system generates a
fixed response. System is seen in most
central heating systems in which a
thermostat is set to a desired temperature.
When the house temperature falls below the
specified level, the heating is turned on until
the temperature reaches that level. Although
such a system is simple and can be effective,
it has the drawback that the amount of heat
being put into the house does not relate to
the discrepancy between the actual and
desired temperature (the error). A better
system is one in which the control signal is

proportional to the error.
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Such proportional control of movement
involves sensing the error between the actual
and desired position of, for example, the
hand. The size of the corrective motor
command is in proportion to the size of the
error and in a direction to reduce the error.
The amount by which the corrective motor
command is increased or decreased per unit
of positional error is called the gain (Figure
33-13). By

movement, feedback control can be robust

continuously correcting a

both to noise in the sensorimotor system and

to environmental perturbations.
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In most motor systems movement control is
achieved through both feedforward and
Because

feedback  processes. sensory
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feedback is not available for the first portion
of a movement, feedforward processes
generate the initial motor command only. As
the movement progresses, information on
performance becomes available, allowing

feedback control to play a role.
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When lifting an object between thumb and
index finger, for example, sufficient grip
force (perpendicular force between the digits
and the object's surface) must be generated
to prevent slippage owing to load force
(tangential force between the digit and
object surface arising from the object's
weight). We use feedforward control to set
our grip force and the lifting force in
accordance with the expected slipperiness
and weight of the object. If cutaneous
receptors indicate that slippage is occurring,
our grip force is increased immediately
through rapid feedback control (Figure 33-
14). Because cutaneous information on
slippage evokes a motor command to
increase grip force only when the object is
being lifted, this feedback circuit is said to
be "gated" during lifting.
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Feedback control cannot generate a
command in anticipation of an error: It is
always driven by an error. Feedforward
control, conversely, is based only on a

desired state and can therefore null the error.
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Prediction Compensates for Sensorimotor

Delays
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Accurate feedback control of movement
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requires information on the body's current

state, for example, the positions and
velocities of our body segments. However,
sensory feedback from the periphery is both
noisy and slow. Delays in feedback can lead
to problems during a movement, as the
delayed information does not reflect the
present state of the body and world. Two
strategies can compensate for such delays
and thus increase the accuracy of sensory
feedback during movement: intermittency of
movement and prediction of changes in
body states due to movement. With
intermittency, movement is momentarily
interrupted by rest, as in eye sac-cades and
manual tracking. Provided the interval of
rest is greater than the time delay of the
sensorimotor

loop, intermittency fosters

more accurate sensory feedback.
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Prediction is a better strategy and can form a
major component of a state estimator.
Although sensory signals provide necessary
information about the body, the motor
command also provides useful information.
If both the current state of the body and the
descending motor command are known, the
next state of the body can be estimated. This
estimate is derived from a forward model
that predicts how the body will change in
response to the motor command. Because
this estimate is predictive, it is time-
advanced, thereby compensating for the

feedback delays. However, this estimate will

TN & — T SE 5 ) SEm, AT LR
DR AL TH 8% 19 2 Z A R 2y
HARIEE(E TR0 T A RS EH
WEAEL, BB mREMNg T
AHBEE. R CMEAER Y
RSN FERIZ 3162, BUAl
S = N N VNPT i o W
o EXAETHER B — A AT AR
A, AR AT T B K G ]
VAR VIR =R 184 o S A I
i TE 2 TR Y, DR B A I T
SERTTE, ATIGRAN TR BRER .

71




TR TR R 2 103

tend to drift over time if the forward model

is not perfectly accurate.
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The drawbacks of using only sensory
feedback or only motor prediction can be
ameliorated by monitoring both and using a
forward model to estimate the current state
of the body. A neural apparatus that does this
is known as an observer model. The major
objectives of the observer model are to
compensate for sensorimotor delays and to
reduce uncertainty in the estimate of the
state of the body owing to noise in both the
sensory and motor signals (Figure 33-15).
Such a model has been supported by
empirical studies of how the nervous system
estimates hand position, posture, and head
orientation. The nervous system has several
different internal models of control that use
prediction and sensory feedback to different
extents. The comparative advantages of
these various models are nicely illustrated
by differences in object manipulation under
different conditions. When the object's
behavior is unpredictable, sensory feedback
provides the most wuseful signal for
estimating load. For example, when flying a
kite, we need to adjust our grip almost
continuously in response to unpredictable
motions of the kite. When dealing with such
unpredictability, grip force needs to be high
to prevent slippage because it tends to lag

behind load force (Figure 33-16A).
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However, when handling objects with stable
properties, predictive control mechanisms
can be effective. For example, when the load
is increased by a self-generated action, such
as moving the arm, the grip force increases
instantaneously with load force (Figure 33-
16B). Sensory detection of the load would
be too slow to account for this rapid increase
in grip force. Such predictive control is
essential for the rapid movements commonly

observed in dexterous behavior.
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The discrepancy between actual and
predicted sensory feedback is also essential
in motor control. For example, when we
pick up an object, we anticipate when the
object will lift off. The brain is particularly
sensitive to the occurrence of unexpected
events or the nonoccurrence of an expected
event. Thus, if an object is lighter or heavier
than expected, and therefore is lifted too
early or cannot be lifted, reactive responses
brain

are evoked. The seems

to pay
particular attention to these critical moments
to determine whether the subsequent actions

that are part of the task should proceed.
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In addition to its use in compensating for
sensory feedback delays, prediction is a key
element in perceptual processing. Sensory
feedback can originate from two sources:
either external sources or our own
movement. In the sensory receptor these two
sources are not distinguished, however, and

sensory signals do not carry a label "external
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stimulus" or "internal stimulus."

PR2E

Sensitivity to external events can be
amplified by reducing the feedback from our
own movement. Thus, predictions of sensory
signals that arise from our own movements
are subtracted from the total sensory
feedback, thereby enhancing the signals that
cany information about external events.
Such a predictive mechanism is responsible
for the fact that tickling oneself is a less
intense experience than tickling by another.
When participants are asked to tickle
themselves with a time delay introduced
between the motor command and the
resulting tickle, the greater the time delay
the more ticklish the sensation. As the time
delay increases, the predictor becomes more
inaccurate, thereby failing to cancel the
sensory feedback resulting in the tickle

sensation.
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Sensory Processing Is Different for Action

and Perception

FESAE ARSI 710, JBE 10 A 2R
NG

A growing body of research supports the
idea that the sensory information used to
control actions is processed in neural
pathways that are distinct from the afferent
pathways that contribute to perception. Mel
Goodale and David Milner have proposed
that visual information flows in two streams
in the brain (see Chapter 25). A dorsal
stream projects to the posterior parietal
cortex and is particularly involved in the use

of vision for action (see Chapter 38).
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Conversely, a ventral stream projects to the
inferotemporal cortex and is involved in
conscious visual perception (see Chapter

28).

38 F). Ak, MEMIGEHCH 2R~
RIZ, 258 5 RMAL5RE R
(WL 28 F).

This distinction between the uses of vision
for action and perception is based on a
double-dissociation seen in patient studies.
For example, the patient D. F. developed
visual agnosia after damage to her ventral
stream. She is unable, for example, to
explain the orientation of a slot either
verbally or with her hand. However, when
asked to perform a simple action, such as
putting a card through the slot, she has no
difficulty orienting her hand appropriately to
put the card through the slot. Conversely,
patients with damage to the dorsal stream
can develop optic ataxia in which perception

1s intact, but control is affected.
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Although the distinction between perception
and action arose from clinical observations,
it can also be seen in normal people, as in
the size—weight illusion. When lifting two
objects of different size but equal weight,
people report that the smaller object feels
heavier. This illusion, first documented more
than 100 years ago, is both powerful and
robust. It does not lessen when a person is
informed that the objects are of equal weight

and does not weaken with repeated lifting.
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When subjects begin to lift large and small

objects that weigh the same, they generate

32 T a2k B B AT R 1K
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larger grip and load forces for the larger
object because they assume that larger

objects are heavier. After alternating

between the two objects, they rapidly learn
to scale their fingertip forces precisely for
the true object weight (Figure 33-17). This
shows that the sensorimotor system
recognizes that the two weights are equal.
Nevertheless, the size-weight illusion
persists, suggesting not only that the illusion
is a result of high-level cognitive centers in
the brain but also that the sensorimotor

system can operate independently of these

NI, A AT 2 X R R A Ak
FEAE K AR A A T, B
AT BRI AT E . £
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centers.
Motor Systems Must Adapt to Development BERGLIEE N T K EMA
and Experience g
Animals have a remarkable capacity for ]
kB BURSEZN: NI RER-I LB Rih]

learning new motor skills through their
interaction with the environment. This
learning is distinct from and independent of
the development of skills through
maturation. Although evolution can hard-
wire some motor behaviors, such as the
ability of a foal to stand, motor behavior in
general must adapt to new and varying

environments.
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New motor skills cannot be acquired by a
fixed neural control system. Sensorimotor
control systems must constantly adapt over a
lifetime as body size and proportions
change, thereby maintaining an appropriate

relationship between motor commands and

body mechanics. In addition, learning is the
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only way to acquire motor skills that are
defined by social convention, such as

writing or dancing.

e 2 X isshHae (s
TREREER) HIME—i@12

Most forms of motor learning involve
procedural or implicit learning, so-called
because subjects are generally unable to
express what it is they have learned. Implicit
learning  often takes place  without
consciously thinking about it and can be
retained for extended periods of time
without practice (see Chapter 66). Typical
examples of procedural learning are learning
to ride a bicycle or play the piano. In
contrast, explicit or declarative learning
involves the acquisition of knowledge that
can be expressed in statements about the
world and is available to introspection (see
Chapter 67). Memorizing the names and
routes of the cranial nerves or directions to
the local hospital are examples of explicit
learning. Declarative memory tends to be
easily forgotten, although repeated exposure

can lead to long-lasting retention.
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Motor learning can occur more or less
immediately or require some time. One
learns to pick up an object of unknown
weight almost immediately and learns to
ride a bicycle after a little practice, but
mastering the piano requires years. These
different timescales may reflect the intrinsic
difficulty of the task as well as evolutionary
constraints that have to be unlearned to

perform the task. For example, piano
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playing requires learning precise control of
the fingers, whereas in normal movements,
such as reaching and grasping, individuated

finger movements are rare.

T8 RS A P ], £ A T AT
FIEHEEF, IR TR E

Motor Learning Involves Adapting Internal

Models for Novel Kinematic and Dynamic

W o B ia sl s s 715 AR

» B R (112 55 2
Conditions
Sensorimotor transformations have
" 12 B i kL 1B Bl A B
kinematic and dynamic components. N N o
TIN5« B8R AN E

Kinematic transformations relate events in
different spatial coordinate systems, such as
joint angles of the arm and the position of
the hand in space. To control a computer
mouse, for example, we must learn the
kinematic  transformation between the
handheld mouse and the image of the cursor
on the screen. Dynamic transformations
relate forces acting at the joints to the
motion of the system. We must relate the
forces we apply to the mouse to the resulting
movement, a transformation that depends on
the inertia of the mouse and the friction
between the mouse and pad. The kinematics
and dynamics of movement vary greatly as
we grow and interact with new objects. The

brain adapts by reorganizing or adjusting

motor commands to generate new actions.
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As we saw earlier, we normally move the
hand in a straight line to reach an object.
Unexpected dynamic interactions may
produce curved paths, but subjects learn to
anticipate these effects. This learning is

conveniently studied by having subjects
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make pointing movements with an apparatus
through which novel forces can be applied to
the arm (Figure 33-18A). For example,
applying a force that is proportional to the
speed of the hand but which acts at right
angles to the direction of movement forces
the hand into a brief curving movement
before reaching the target. Over time the
subject adapts to this perturbation and is able
to maintain a straight-line movement (Figure

33-18D).
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Subjects might adapt to such a situation in
two possible ways. First, they could co-
contract the muscles in their arm, thereby
stiffening the arm and reducing the impact
of the perturbation. Alternatively, they could
learn an internal model that compensates for
the expected forces, one that uses a new set
of motor commands. By examining the
subjects, movements after the force is turned
off, we can distinguish between these two
forms of learning. If the arm simply stiffens,
it should continue to move in a straight path.
If a new internal model is learned, the new
model should compensate for a force that no
longer exists, thereby producing a path in
the direction opposite from the earlier
perturbation. In fact, when the force is
turned off, subjects show a large after-effect
in the opposite direction, demonstrating that
they had learned to compensate for the

perturbation (Figure 33-18D).
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Although motor learning often takes much
practice, once a task is no longer performed
de-adaptation is typically quite swift. The
context of the movement, that is the sensory
inputs associated with a particular task, can
be enough to switch behavior. When
subjects wear prismatic glasses that rotate
visual space, for example, they initially mis
reach targets but soon learn to reach
correctly. After repeated trials the contextual
cue of the feel of the glasses, without the
prisms in place, is sufficient to switch

subjects into behavior suitable with the

prisms.
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Kinematic and Dynamic Motor Learning

Rely on Different Sensory Modalities
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Not all sensory modalities are equally
important in learning motor tasks. In
learning dynamic tasks, proprioception is
more important than vision. We normally
learn dynamic tasks equally well with or
without vision. Patients who have lost
proprioception have particular difficulty
controlling the dynamic properties of their

limbs (Box 33-3) or learning new dynamic

tasks without vision.
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However, the same patients are easily able to
adapt to drastic kinematic changes, such as
tracing a drawing while viewing their hand
in a mirror. In fact, these subjects perform
better than normal subjects at such a task,
perhaps because they have learned to guide

their movements visually and, because of the
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lack of proprioception, do not experience

any  conflict between vision and

proprioception.
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Box 33-3 Proprioception Is Critical for
Planning Hand Trajectories and Controlling

Dynamics

HE 33-3 A4 o X - B T A
RN il By 7 8 O

Sensory neuropathies selectively damage the
large-diameter sensory fibers in peripheral
nerves and dorsal roots that carry most

proprioceptive information. Impairments in

motor control resulting from loss of

proprioception have fascinated neurologists
and physiologists for well over a century.

Studies of  patients with  sensory

neuropathies provide invaluable insight into

the interactions between sensation and
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movement planning. J2EN
As expected, such patients lose joint position
Lo | ANHPTRE, R SR LR
sense and vibration and fine tactile
(DA=REINE T EIE R g e e

sensations (as well as tendon reflexes), but
the sense of pain and temperature are fully
preserved. These patients are unable to
maintain a steady posture, for example while
holding a cup or standing, with the eyes
closed. Movements also become clumsy,

uncoordinated, and inaccurate.
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Some recovery of function may occur over
many months as the patient learns to use
vision as a substitute for proprioception, but
this compensation leaves patients
completely incapacitated in the dark. Some

of this difficulty reflects an inability to
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detect errors that develop during unseen
movements, as occurs if the weight of an

object or resistance differs from expectation.

BLRIAE R, B0 S V)R 1) B & B
BH 735 FiUYIAS [R50 2 H B A

iR

However, this is not all. When the limb
cannot be seen, errors in feedforward control
of movements increase over a few minutes
and patients become uncertain of where their
hands actually move. This is seen clearly in
the succession of movements in Figure 33-
19A. Movements that are straight and
accurate with vision become increasingly
curved; instead of stopping, movements drift
off to one side or another without the
subject's awareness. Thus, proprioception is
needed to update both inverse models used
to control movement and forward models
used to estimate body positions resulting

from motor commands.
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The defects in these models are revealed by
examining the errors that occur when the
hand moves to targets in different directions
(Figure 33-19B). In moving to equidistant
targets in many directions, a normal subject
moves his hand approximately the same
distance in all directions. For patients with
proprioceptive loss, the distance moved
varies with the direction of movement;
movements along the 45-degree axis,
perpendicular to the forearm, overshoot the

target.
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These variations match changes in the
inertial resistance of the arm. When the

hand moves in the direction of the
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forearm (moving both arm and forearm),
inertia is two to three times greater than
when the hand moves perpendicular to
the forearm (moving the forearm alone).
Changes in inertia with movement direction
fit an elliptical contour. This means that a
constant force applied perpendicularly
would accelerate the forearm two to three
times faster than one applied in the same

direction as the forearm.
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In all subjects acceleration does indeed vary
with movement in different directions, but
normal subjects plan movements of shorter
duration in directions with lower inertia. In
contrast, patients without proprioception are
unable to vary the duration (unless they see
their limb before moving). Errors therefore
reflect the rapid decay of the patient's

internal model of limb inertia.

FERTA 2 E F, I L=
b5 AR 7 5] iz s i Ae 4, 3
15 2 AR BN I 7 TR B
12 B IO E SR LTS A
S A ARG I B W e ik
AR RE RN [A] CBRARMAT4E 7% 3
HIE 2 H SRSk B, #ix
SRR AR AR A AR A
PRI TE

Another form of error occurs in movements
with rapid direction reversals. Analyses of
the joint torques during these movements
show that subjects with intact sensation
anticipate intersegmental torques, whereas
those without proprioception fail to do so

(Figure 33-20).
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Figure 33-20 Patients lacking proprioception
cannot make an accurate movement that
requires a rapid reversal in path. In normal
subjects the joint angles for the elbow and
shoulder show good alignment, leading to an

accurate reversal. In subjects who lack
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proprioceptive input the timing of the joint
reversal is poor, leading to large errors in the
path. These patients cannot anticipate and
correct for the intersegmental dynamics that
occur around the path reversal. (Reproduced,

with permission, from Sainburg et al.1995.)
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An Overall View

S M

The primary purpose of the elaborate
information processing and storage that
occurs in the brain is to enable us to interact
with our environment. Our infinitely varied
and purposeful motor behaviors are
governed by the integrated actions of the

brain's several motor systems.
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To control action the central nervous system

uses a sequence of  sensorimotor

transformations that convert incoming

sensory information into motor outputs. The
brain uses internal models at each stage in
the sensorimotor transformation. Variability
in the inputs and outputs of these
transformations and inaccuracies in their
representation underlie the errors and
variability in movement and lead to the
ubiquitous trade-off between speed and

accuracy.
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The motor systems generate commands
using feedforward circuits or

feedback

CIror-

correcting circuits;  most
movement involves both types of control.
The adverse effects of delays in feedback are

reduced through the wuse of predictive
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Processces.

Finally, motor control circuits are not static
but undergo continual modification and
recalibration throughout life. Motor learning
improves motor control in novel situations,
and different forms of sensory information

are vital for learning.
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The ease with which we conduct ordinary
movements masks the true complexity of the
control processes involved. Many factors
control

which

inherent in sensorimotor are

responsible for this complexity,
becomes clearly evident when we try to
build machines that can perform human-like
control of movement. Although computers
can beat grandmasters at chess, no computer
can yet control a robot to manipulate a chess

piece with the dexterity of a six-year-old

child.
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Figure 33-1 Motor equivalence.
The ability of different motor systems to
achieve the same behavior is called motor
equivalence. For example, writing can be
performed using different parts of the body.
The examples here were written by the same
person using the right (dominant) hand (A),
the right hand with the wrist immobilized
(B), the left hand (C), the pen gripped
between the teeth (D), and the pen attached
(E).(Reproduced,  with

to the foot

permission, from Raibert 1977.)
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B. Right hand (wrist fixed) B F(FhilE E)

C. Left hand C.LF

D. Teeth D.F A

A. Locate hand and cup (egocentric | A. W ML E (RO
coordinates) ARFR)

B. Plan hand movement (endpoint

trajectory)

BAMHUITMIES (& )

C. Determine intrinsic plan (joint trajectory)

C.HENAETHR L)

D. Execute movement (joint torques)

DAATENE O

Figure 33-2 Sensorimotor transformations
used to generate a particular movement. The
task of generating a goal-directed movement
is often broken down into a set of sequential
stages, the details of which are still being
elucidated. The figure shows one possible
set of stages to generate a reaching
movement, and the arrows indicate the
processes required to move between the

stages.

B 33-2 F 77 AR RS E A e
BRI, A B ARTR R
AR AL 5538 % B R — R 5
LB, AR S
Fo B R 1 AR R
— A REMBT B, HSk RS
B BeZ 18] % 5l we R A

A. Spatial orientation. To reach for an
object, the object and hand are first
located visually in a coordinate system
relative to the head (egocentric

coordinates).

B. Movement planning. The direction

and distance the hand must move to

reach the object (the endpoint trajectory)
are determined based on visual and
proprioceptive information about the

current locations of the arm and object.

C. Inverse kinematic transformation.

AZEEE . BFRENY)
P, B e BRI T Sk B A AR
F CHEA AR Xk
FHEAT IS E L. BIZ 3R
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IR PRREE RN 21 O e R
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The joint trajectories that will achieve
the hand path are determined. The
transformation from a desired hand
movement to the joint trajectory
depends on the kinematic properties of
the arm, such as the lengths of the arm's

segments.

D. Inverse dynamic transformation. The
joint torques or muscle activities that are
necessary to achieve the desired joint
trajectories are determined. The joint
torques required to achieve a desired
change in joint angles depend on the
dynamic properties of the arm such as

the mass of the segments.

i 5 I BT 7 B R T LR UL
PGSl o SKELPT R B R A LA
AT /G f 0T A O T T
AR, ME TR

Figure 33-3 Internal models represent
relationships of the body and external world.
The inverse model determines the motor
commands that will produce a behavioral
goal, such as raising the arm while holding a
ball. A descending motor command acts on
the musculoskeletal system to produce the
movement. A copy of the motor command is
passed to a forward model that simulates the
interaction of the motor system and the
world and can therefore predict behaviors. If
both forward and inverse models are
accurate, the output of the forward model
(the predicted behavior) will be the same as
the input to the inverse model (the desired

behavior).

33-3 N EBIE R RN B A 5 A1
HEFR R &R WA AL P E P A
TR REEHES, Bl
RIFIEETE . Triashia &1
MT A& RS LA is 3.
B Bl fiE 4 B R AS 2 1% 38 25 R 1)
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MIAZE, M FAT Jy . dn R Ik
e A5 2R RT3 i) 7R S Y ff R R
AR 2 1E [ AR A TR AT
VSRR RS BURLIR N Dk TNl =
178 A

Figure 33-4 Accuracy of movement varies in
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direct proportion to its speed. Subjects held
a stylus and were required to try and hit a
target line lying perpendicular to the
direction in which they moved. Each subject
started from three different initial positions
and was required to complete the movement
within three different times (140, 170, or
200 ms). A successful trial was one in which
the subject completed the movement within
10% of the required time. Only successful
trials were used for analysis. Subjects were

informed if their movements were more than

10% different from the required duration.

oo 2k F R4,
i b 5 H B 3 U7 W) 2 B H b
2. BANZARE N =AY
AL E IR, BERAE=AARREM
IFIE] (140, 170 5% 200 Z/) W
TERLIE B . 52 1E BT I R] Y
10% A 56 L3 78 B A i Dyl 5
HA IR A T 4.
RZ WA H e B E i R A 72
I 10%, «<H N & HZ 2R
o

i 2 2K

The plot shows the variability in the
motion of the subjects* arm movements
as the standard deviation of the extent of
movement versus average speed (for each
of three movement starting points and
three movement times, giving nine data
points). The variability in movement
increases in proportion to the speed and
therefore to the force producing the
movement. (Reproduced, with permission,

from Schmidt et al.1979.)

THEKIMEA, HiE3EE
5P EERRERE, EHE
FE3INEBIELAN 3IANEZFE
B, X9 NMEERERT ZiAE
FEEINZRME. ZE3MTAE
PSSR, Btk 5 A4
BENMIEMIE . (BVF], #%
BWHMEREN, 1979 4.,

Figure 33-5 The location of the finger in
space can be specified in different egocentric

coordinate systems.

K 33-5 F-Fi 48 2 1) o 1 i & AT LA
FEAS T ) H 3R P AR bR & A

2

JE o

A. Cartesian coordinates centered on the

eyes.

A LUIRES i B B A AR RR R

B. Spherical polar coordinates centered on

the shoulder (distance, azimuth, and

elevation)

B. LLJA & 7y A o0 1 BR T B 214 BR
(PR, Jrhfmmmim s

C. An intrinsic coordinate system based on

C.ETEM Cal 1 a2) M
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shoulder angles (al, and a2), which relate
the orientation of the upper arm to the
Cartesian axes, and elbow angle (a3), which
specifies the angle between the upper and

lower arm.

(a3) MM bR, B ARR
B SRR A bR R R T R
o BB NERRA,

Figure 33-6 Errors in distance and direction
of movement are independent of each other.
Distribution of endpoints for reaching
movements to 16 targets (eight directions
and two distances) by one subject. Targets
(red circles) were presented 24 times in
random order, and each time the subject was
asked to place a finger on the target. All
movements begin from a central starting
position  (designated+). Endpoints for
individual movements are represented by
blue dots. The endpoints for the reaches to
each target are fitted with an ellipse,
demonstrating that errors in distance and
direction are independent of each other.
(Adapted, with permission, from Gordon,

Ghilardi, and Ghez 1994.)

K 33-6 1z 3 R B A7 1) 1Y) R 22 2
MEMAL . —22ZRE [ 16 4
Hbr (8 ANJFIF 2 ANEEES) {HF
BANMA . His (AAH
D DABEALIG S B 24 1R, BEIR
ZORZ WA E M TSR FF b
Fi B SR # N — A it ih A &
(FRE+) TFIf. BASERZA S
W R . A& H bR &
M — ARG, R EE RS
A7 18] ()R 22 R AR B ARSZ 1 (4
YFAl, 4% H Gordon. Ghilardi
1 Ghez 1994).

Figure 33-7 Distance errors are greater than
direction errors for movements in the dark.
A subject was asked to place a finger on the
remembered location of a target in the dark.
Final finger position and target location are
plotted in spherical coordinates centered on
the shoulder (see Figure 33-5B). The straight
line represents perfect performance and the
dots individual reaching movements. Radial
distance errors and angular errors (azimuth
and elevation) are

plotted separately.

K] 33-7 I s B IR B R 22 K
TR . BRZ A 1R R
Hof F R TRAE L2 I H AR AL B
Fo BATIRALE R H bR E LA
JB B L 22 BRERTE A8 bR (AL
Kl 33-5B). HZ&MRELTEREIN,
5 S ARERA D T3 1R . R 1A ER
BORZEF R (J7 AL fi Al
D el (ZRVFA, B HE
Soechting #1 Flanders 1989).
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(Adapted, with permission, from Soechting

and Flanders 1989.)

Figure 33-8 Fitts's law describes the speed-
accuracy trade-off. Subjects were required to
move a stylus between two targets of width
UV separated by distance A The width of the
targets was changed on each trial. Each line
in the plot represents the results for a
different target width (from narrow to wide)
over four different movement amplitudes.
Subjects were required to move as fast as
possible while still hitting the targets. Over a
large range of target widths and distance
movement duration is

the
with

between targets,
linearly dependent on log2[2AIW),
of difficulty. (Adapted,

permission, from Jeannerod 1988.)

index

K 33-8 JE S E A 7T Sk
B P 2 TR AL AT o B2 7 AT
PR A FHBR I PIANTE N UV I
Hw 2 B2 . B fg—
AR T AR HARTEE (A
EF ) ARV R AL 3 e B2 R
gk g . 2l R EAA S H R
R AT RE R RS B . 7E H br
T A0 H b ] PR S KT
W, 1 3l FF S IR 5 A e A
log2[2ATW] 2 &k Rk &R . (& TF
Al, %% H Jeannerod 1988).

Figure 33-9 Hand path and velocity have
(Adapted,

Morasso

with
1981.)

stereotypical  features.

permission, from
A. The subject sits in front of a semicircular
plate and grasps the handle of a two-jointed
apparatus that moves in one plane and
records hand position. The subject is
instructed to move the hand between various
targets (T1-T6). The record on the right

shows the paths traced by one subject.

B. Kinematic data for three hand paths
shown in part A (c, d, and e). All paths are
roughly straight, and all hand speed profiles

have the same shape and scale in proportion

"] 33-9 Fiz Sl AR E A
ZIRAFAE . (&R, MdmH
Morasso 1981),

AR ATE— AL TEAR AT,
P — DR T, 1%
LA — AP N B Il % T
ML . 2R AR R AN [F 1
Hix (T1-T6) Z[AIFE0TF. £l
Fidsg R T — 22X E 15
AT

B. A4 (¢ dfle) FiRn=%
FHE AW E T E . Tf

90




LRCTRER A AR S

to the distance covered. In contrast, the
profiles for the angular velocity of the elbow
and shoulder for the three hand paths differ.
The straight hand paths and common
profiles for speed suggest that planning is
done with reference to the hand because
these parameters can be linearly scaled.
Planning with reference to joints would

require computing nonlinear combinations

of joint angles.

MR EEL, rE Tl
2R R AR AT LU A9 A1 55 Pl 78 i 1) B
BRIELL. ML T, =%EE
(Y JF 248 AT RS 0 7 3k ot £ U A o
AN B EI T8 s sh i Ak
e (R P 28R B, ML) DA T
MANZHHATI, B S H
A DAZRPE SR . T2 RO T5 1EAT
Rl U 55 2 S5O A JEE A AR 46
ERARE

Figure 33-10 Complex movements obey the
two-thirds power law. (Reproduced, with
permission, from Lacquaniti, Terzuolo, and
Viviani 1983.)
A. Nondirected scribbling is a complex

movement.

B. Instantaneous values of the angular
velocity of the hand while scribbling are
plotted against the curvature of the hand's
path raised to the power of two-thirds. The
relation between the two variables is
piecewise linear. Each segment in the
bundle, corresponding to nonoverlapping
segments of the trajectory, has a different
slope. The slopes cluster around the average
(dashed line), a typical result for this type of
experiment. Therefore, the relationship
between the speed of hand motion and the
degree of curvature of the hand path is

roughly constant: Velocity varies as a

K 33-10 B ki sh 4G =70 2 —
mHE. (&N EA
Lacquaniti < Terzuolo A1 Viviani

1983).
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continuous function of the curvature raised
to the power of two-thirds. This two-thirds
power law governs virtually all movements
and expresses an obligatory slowing of the
hand during movement segments that are
more curved and a speeding up during
segments that are straight. Because angular
velocity is the speed of the hand multiplied
by the path curvature, in the plot an increase
in angular velocity represents a decrease in

hand speed.

Bo, P A, 1A
T RUNIE B B, TR
FEM AR . #2725 i £ 1 i
g B, T R A PR
A B E&ssh v B, T
W AR AR o bR T A T R
JEAR VAR AR it A, A AR B
i TE P 1A 1 INARER T 1) B

Figure 33-11 Feedforward and feedback

control.

A. A feedforward controller generates a
motor command based on a desired state.
Any errors that arise during the movement

are not monitored.

B. With feedback control the desired and

sensed states are compared (at the
comparator) to generate an error signal,
which helps shape the motor command.
There can be considerable delay in the
feedback of sensory information to the

comparator.

K 33-11 Ao Al i o 4% )

AT D 1) 25 AR 5 PO IR 25 4B Ak
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Figure 33-12 Acceleration and velocity of
reaching are a function of target distance.

(Modified, with permission, from Gordon et

al.1994.)

A. Hand paths measured to targets located

2.5, 5, 10, 20, and 30 cm from the starting

"] 33-12 it T 1 ok AN T 2
Hir B R (2], M
H Gordon £ A\, 1994 ),

AMNEIRA E 2 H bR A 2.5 54
10, 20 A 30 JE K AL B 45 1 F34
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position.

B. Average velocity and acceleration of the
hand movements shown in part A. The
acceleration and velocity profiles scale
linearly as a function of the distance to the
target. All the velocity profiles are self-
similar and when normalized in time and
amplitude are nearly identical. The single
peaks indicate that the extent of movement
is specified prior to actual movement. If it
were not, the first peak would be the same
for all target distances, and secondary peaks

representing feedback adjustment would be

seen.

BLin 3 FEAE JE i 26 5 H b BE RS
JRERPER & o FITA T8 5 28 41 2
H AL, A2 I R AN R
WG JLFAHE . AR R
fESEPriz a2, BEhifcs
Wi . SN, BT HbsE e i 5
— N AR AR F K, i H 2
PUARER B A B () IR AR

Figure 33-13 The interplay of gain and delay
in feedback control. Subjects use a controller
to track a target moving sinusoidally in one
dimension. The sensory feedback signal that
conveys error in the hand's position arrives
after some period of time (the delay), and
the motor system tries to correct for the error
by increasing or decreasing the size of its
command relative to the error (the gain).
The plots show the performance of a subject
tracking a sinusoidal target in which there is
either instantaneous feedback of error (left
column) or feedback with a delay (middle
and right columns). When the gain is high,
and the delay is low, tracking is very good.
However, as the delay increases, the motor
system corrects for error inappropriately,

and this leads to oscillations and large errors.
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To maintain stability, the gain can be
lowered, but tracking is not perfect. At low
gain (bottom row) the feedback controller
corrects errors only slowly and tracking is
inaccurate. As the gain increases (middle
row) the feedback controller corrects errors
more rapidly and tracking performance
improves. At high gain (top row) the system
corrects rapidly but is prone to overcorrect,
leading to instability when the time delay in
feedback is on the order of physiological
time delays (top right). Because the
controller is compensating for errors that
existed 100 ms earlier, the correction may
therefore be inappropriate for the current
error.  This  overcorrection leads to
oscillations and is one mechanism proposed
to account for some forms of oscillatory

tremor seen in neurological disease.
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Figure 33-14 Both feedback and
feedforward controls are used when lifting

an object

A. The subject lifts an object from the table.
Sensory receptors measure vertical motion,
grip force, and the load force applied to the
object to overcome gravity and inertia. The
discharge of different sensory receptors is
recorded by microelectrodes inserted within
identified sensory axons of the peripheral
nerve, a procedure called microneurography.
B. When the subject knows the weight of

the object in advance, the applied forces
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are adequate to lift the object. Three sets
of traces (24 trials superimposed) show
load force, grip force, and position as
subjects lifted three objects of different
weights (200, 400, and 800 g). The grip
force increases in proportion to the
weight of the object. This is done by
scaling a preprogrammed force profile
(the profiles have the same shape but
different amplitudes).

C. When the weight is larger than
expected, the object slips initially, but
force is increased before lifting begins.
When the subject begins to lift a 400 g
object, Pacinian corpuscles in the skin
are activated and a burst of action
potentials occurs in the afferent RA2
fibers, signaling the beginning of the
hold phase during which the grip force
is constant. After being presented with
the 400 g object for several trials
(dashed lines), the subject is given an
800 g object (solid lines). When the
subject begins to lift the 800 g object,
the object slips, and the RA2 fibers are
not activated. The absence of RA2
signals triggers a slow increase in force
that is terminated when lifting begins.

( Reproduced, with permission, from

Johansson et al.1991.)
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Figure 33-15 An observer model. The

drawing shows how the finger's location can
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be estimated during movement of the arm. A
previous estimate of the distribution of
possible finger positions (1) is the basis for a
new estimate (2). This estimation uses an
efference copy of the motor command and a
model of the dynamics. The new distribution
of estimated finger positions (the "cloud of
uncertainty") is larger than that of the
previous estimate. The model then predicts
the sensory feedback that would occur for
these new finger positions, and the error
between the predicted and actual sensory
feedback is used to correct the estimate of
current finger position. This correction
changes the sensory error into state errors
and also determines the relative reliance on
the efference copy and sensory feedback.
The final estimate of current finger position
(3) has less uncertainty. This estimate
becomes the new previous estimate for
subsequent movement as this sequence is
repeated many times. Delays in sensory
feedback that must be compensated have

been omitted from the diagram for clarity.
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Figure 33-16 Anticipatory control of self-

generated actions. (Reproduced, with

permission, from Blakemore, Goodbody,
and Wolpert 1998.) A. When a subject is
instructed to hold onto an object to which a
robort is applying a sinusoidal load force,
the grip force of the fingers is high to
slippage but nevertheless

prevent lags

behind the increases in load force.
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B. Conversely, when the subject actively
pulls down the object, producing a similar
load profile, the load force can be
anticipated and thus the grip force is lower

and tracks the load force without delay.

W8N, ez
THIT

~IE B B B

Figure 33-17 The size-weight illusion.
(Reproduced, with  permission, from
Flanagan and Beltzner 2000.)

A. In each trial subjects lifted first a large
object and then a small object that weighed
the same. Subjects thought the smaller

object felt heavier than it actually was.

B. In the first trial subjects generated greater
grip and load forces for the bigger object
(orange traces) as it was expected to be
heavier than the small object. In the eighth
trial the grip and load forces are the same for
the two objects, showing that
the sensorimotor system generates grip and
load forces appropriate to the weights of the
two objects despite the conscious perception

of a difference in weight.
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Figure 33-18 Learning improves the

accuracy of reaching in a novel dynamic
environment. A. A subject holds an
apparatus that measures the position and
velocity of the hand and applies forces to the
hand. (Reproduced, with permission, from

Brashers-Krug, Shad Mehr, and Bizzi 1996.)

P 33-18 LB A A sh &M B
FoI P E T AT . A
W FR— MU, ZUETR
T AL B RGEE, I T
7. (BB ¥ % H Brashers-
Shad Mehr Al

Krug . Bizzi

1996.)

97




LRCTRER A AR S

B. When the motors are off (null field) the

subject makes approximately straight

movements from the center of the

workspace to targets arrayed in a circle.

C. A clockwise force is then applied to the
hand, shown as a function of hand velocity.
This field produces a force proportional to
the speed of the hand that always acts at
right angles to the current direction of

motion.

D. Initially the hand paths are severely
perturbed in response to the perturbing force
(1). After some time, the subject adapts and
can again follow a straight path during the
entire movement (2). When the motors are
then turned off, movement is again
perturbed but, in a direction, opposite to the

earlier perturbation (3).
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Figure 33-19 Patients lacking proprioception
cannot maintain internal models of limb

inertia.

A. Accuracy and trajectory control decay
rapidly when patients cannot see their limbs.
A patient with large-fiber sensory
neuropathy, with no sense of position in the
arm for several years, moved a mouse-like
cursor repeatedly from a starting position to
a target displayed on a computer screen in
front of her. When the patient was able to
and her hand,

see the screen cursor
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movements were straight and reasonably

(1),

increasingly curved and inaccurate after

accurate Movements become
vision of her arm was removed for 2 minutes
(2) and 6 minutes (3). (Reproduced, with
permission, from Ghez,

Ghilardi 1995.)

Gordon, and

B. A patient without proprioception plans

movement without taking account of
variations in limb inertia. Patients and
normal subjects were instructed to move a
finger to 22 targets arranged concentrically.
Subjects were prevented from seeing their
limb. (1) Movements made by a control
subject are straight and evenly distributed
throughout the workspace.(2) Movements
made by a patient with loss of limb
proprioception vary in extent in different
directions. The variation in extent is
explained by the fact that directional
changes in inertia vary with movement
direction according to an elliptical contour
(inertia ellipse). This means that a constant
initial force at the hand will accelerate the
limb differently in different directions
(mobility ellipse); high acceleration occurs
in directions that have low inertia. The
mobility computed for the subject® arm
plotted over the hand paths shown at left
closely matches the variations in movement
extent. (Reproduced, with permission, from

Gordon, Ghilardi, and Ghez 1995.)
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Figure 33-20 Patients lacking proprioception
cannot make an accurate movement that
requires a rapid reversal in path. In normal
subjects the joint angles for the elbow and
shoulder show good alignment, leading to an
accurate reversal. In subjects who lack
proprioceptive input the timing of the joint
reversal is poor, leading to large errors in the
path. These patients cannot anticipate and
correct for the intersegmental dynamics that
occur around the path reversal. (Reproduced,

with permission, from Sainburg et al.1995.)
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