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!BSTRACT
/BJECTIVE� .EUROMODULATION TECHNOLOGIES ARE INCREASINGLY USED FOR IMPROVING FUNCTION AFTER NEURAL
INJURY� 4O ACHIEVE A SYMBIOTIC RELATIONSHIP BETWEEN DEVICE AND USER� THE DEVICE MUST AUGMENT
REMAINING FUNCTION� AND INDEPENDENTLY ADAPT TO DAYTODAY CHANGES IN FUNCTION� 4HE GOAL OF THIS
STUDY WAS TO DEVELOP PREDICTIVE CONTROL STRATEGIES TO PRODUCE OVERGROUND WALKING IN A MODEL OF
HEMISECTION SPINAL CORD INJURY �3#)	 USING INTRASPINAL MICROSTIMULATION �)3-3	� !PPROACH� %IGHT
CATS WERE ANAESTHETIZED AND PLACED IN A SLING OVER A WALKWAY� 4HE RESIDUAL FUNCTION OF A
HEMISECTION 3#) WAS MIMICKED BY MANUALLY MOVING ONE HINDLIMB THROUGH THE WALKING CYCLE�
)3-3 TARGETED MOTOR NETWORKS IN THE LUMBOSACRAL ENLARGEMENT TO ACTIVATE MUSCLES IN THE OTHER�
PRESUMABLY @PARALYZED� LIMB� USING LOW LEVELS OF CURRENT ����� µ!	� &OUR PEOPLE TOOK TURNS TO
MOVE THE @INTACT� LIMB� GENERATING FOUR DIFFERENT WALKING STYLES� 4WO CONTROL STRATEGIES� WHICH USED
GROUND REACTION FORCE AND ANGULAR VELOCITY INFORMATION ABOUT THE MANUALLY MOVED @INTACT� LIMB TO
CONTROL THE TIMING OF THE TRANSITIONS OF THE @PARALYZED� LIMB THROUGH THE STEP CYCLE� WERE COMPARED�
4HE FIRST STRATEGY USED THRESHOLDS ON THE RAW SENSOR VALUES TO INITIATE TRANSITIONS� 4HE SECOND
STRATEGY USED REINFORCEMENT LEARNING AND 0AVLOVIAN CONTROL TO LEARN PREDICTIONS ABOUT THE SENSOR
VALUES� 4HRESHOLDS ON THE PREDICTIONS WERE THEN USED TO INITIATE TRANSITIONS�-AIN RESULTS� "OTH
CONTROL STRATEGIES WERE ABLE TO PRODUCE ALTERNATING� OVERGROUND WALKING� 4RANSITIONS BASED ON RAW
SENSOR VALUES REQUIRED MANUAL TUNING OF THRESHOLDS FOR EACH PERSON TO PRODUCE WALKING� WHEREAS
0AVLOVIAN CONTROL DID NOT� ,EARNING OCCURRED QUICKLY DURING WALKING� PREDICTIONS OF THE SENSOR
SIGNALS WERE LEARNED RAPIDLY� INITIATING CORRECT TRANSITIONS AFTER≤� STEPS� 0AVLOVIAN CONTROL WAS
RESILIENT TO DIFFERENT WALKING STYLES AND DIFFERENT CATS� AND RECOVERED FROM INDUCED MISTAKES DURING
WALKING� 3IGNIFICANCE� 4HIS WORK DEMONSTRATES� FOR THE FIRST TIME� THAT 0AVLOVIAN CONTROL CAN
AUGMENT REMAINING FUNCTION AND FACILITATE PERSONALIZED WALKING WITH MINIMAL TUNING
REQUIREMENTS�

�� )NTRODUCTION

!FTER A SPINAL CORD INJURY �3#)	� PEOPLE EXPERI
ENCE MOTOR AND SENSORY PARALYSIS TO VARYING DEGREES�
DEPENDING ON THE SEVERITY AND LEVEL OF THE INJURY�
4WOTHIRDS OF ALL 3#)S IN THE 53! ARE INCOMPLETE
�@3PINAL #ORD )NJURY �3#)	 ���� &ACTS AND &IGURES
AT A 'LANCE� ����	� YET ��� OF PEOPLE WITH 3#)
NEVER RECOVER THE ABILITY TO WALK AGAIN� &OR PEOPLE
WITH PARAPLEGIA� REGAINING THE ABILITY TO WALK IS OF

HIGH IMPORTANCE FOR IMPROVING QUALITY OF LIFE� WITH
A MAJORITY OF PEOPLE WITH PARAPLEGIA RANKING THE
RESTORATION OF WALKING AS A FIRST OR SECOND PRIOR
ITY �#OLLINGER ET AL ����	� #URRENTLY� 3#) HAS NO
CURE� THEREFORE� REGAINING THE ABILITY TO WALK HAS BEEN
PURSUED THROUGH OTHER MEANS SUCH AS REHABILITATION
�-USSELMAN ET AL ����� ,AM ET AL ����� -ORRISON
ET AL ����	� NEURAL TECHNOLOGIES �+OBETIC ET AL �����
3TEIN AND-USHAHWAR ����� (ARDIN ET AL �����-ORITZ
ET AL ����� (OLINSKI ET AL ����	� OR A COMBINATORIAL

Ç ���� )/0 0UBLISHING ,TD



*� .EURAL %NG� �� �����	 ������ ! . $ALRYMPLE ET AL

APPROACH �#ARHART ET AL ����� !NGELI ET AL ����� 'ILL
ET AL ����	�

4HE NEURAL NETWORKS IN THE SPINAL CORD BELOW
THE 3#) AND THEIR CONNECTIONS TO THE MUSCLES REMAIN
INTACT �(UNTER AND !SHBY ����	� 4HESE SPINAL NET
WORKS CAN BE TARGETED AND ACTIVATED USING ELECTRICAL
STIMULATION �-USHAHWAR AND (ORCH ����B� 3AIGAL
ET AL ����� 4ATOR ET AL ����� (OFSTOETTER ET AL �����
!NGELI ET AL ����� 7AGNER ET AL ����� 'ILL ET AL ����	�
/NE ELECTRICAL STIMULATION APPROACH IS INTRASPINAL
MICROSTIMULATION �)3-3	� IN WHICH FINE� HAIRLIKE
MICROWIRES ARE IMPLANTED IN THE VENTRAL HORN OF
THE LUMBOSACRAL ENLARGEMENT� )NTERESTINGLY� STIMULA
TION IN THIS REGION THROUGH A SINGLE MICROWIRE PRO
DUCES LARGE� GRADED� SINGLE JOINT MOVEMENTS AS WELL
AS COORDINATEDMULTIJOINT SYNERGIES �-USHAHWAR AND
(ORCH ����� ����A� ����B� -USHAHWAR ET AL �����
3AIGAL ET AL ����� ,AU ET AL ����� (OLINSKI ET AL ����	�
4HROUGH TARGETED ACTIVATION OF HINDLIMB LOCOMOTOR
RELATED NETWORKS� )3-3 HAS BEEN USED TO RESTORE
WALKING IN ANAESTHETIZED �(OLINSKI ET AL ����� ����	
AND CHRONICALLY SPINALIZED CATS �3AIGAL ET AL ����	�
.EARLY � KM OF OVERGROUND� WEIGHTBEARING WALK
ING WAS PRODUCED BY )3-3 IN CATS �(OLINSKI ET AL
����	� 4HESE DISTANCES WERE ACHIEVED IMMEDIATELY
AFTER IMPLANTATION OF THEMICRODEVICE ANDWITHOUT THE
NEED FOR EXTENSIVE REHABILITATION� 2ESPONSES PRODUCED
BY )3-3 REMAIN CONSISTENT THROUGHOUT THE USE OF THE
IMPLANT �-USHAHWAR ET AL ����	� AND LONGTERM USE
OF )3-3 FOR WALKING WILL LIKELY FURTHER IMPROVE WALK
ING DISTANCES ACHIEVED� 4HEREFORE� )3-3 IS POISED TO
BE A VIABLE CLINICAL APPROACH TO RESTORING WALKING AFTER
SEVERE PARALYSIS�

!N IMPORTANT AND CLINICALLYRELEVANT ASPECT OF A
SUCCESSFUL NEURAL PROSTHESIS IS THE CONTROL OF THE DEVICE
AND HOW USERS INTERACT WITH THE CONTROL STRATEGY�
#URRENT COMMERCIALLY AVAILABLE DEVICES FOR RESTORING
WALKING AFTER 3#)� SUCH AS THOSE THAT USE FUNCTIONAL
ELECTRICAL STIMULATION �&%3	 AND VARIOUS EXOSKELET
ONS� HAVE LIMITED CONTROL OPTIONS� 7ALKING IS ACCOM
PLISHED USING OPEN LOOP CONTROLWITH PREDEFINED TIM
ING OF THE LIMB MOVEMENTS �#HAPLIN ����� *OHNSTON
ET AL ����� #HANG ET AL ����� %KELEM AND 'OLDFARB
����	� 4HE USERS ARE EXPECTED TO ADAPT THEIR WALKING
TO ACCOMMODATE THE CONTROL STRATEGY IN THE DEVICE�
#ONTROL STRATEGIES DEVELOPED FOR )3-3 TO DATE HAVE
PRIMARILY FOCUSED ON RESTORING WALKING IN MODELS OF
COMPLETE 3#) �3AIGAL ET AL ����� (OLINSKI ET AL �����
����� $ALRYMPLE AND -USHAHWAR ����	� &EEDBACK�
SUCH AS GROUND REACTION FORCE� HIP ANGLE� OR ACTIV
ITY OF SENSORY NEURONS FROM THE DORSAL ROOT GANGLIA�
WERE USED TO MODIFY THE INHERENT TIMING OF THE TRANS
ITIONS BETWEEN THE PHASES OF THE GAIT CYCLE �3AIGAL ET AL
����� (OLINSKI ET AL ����� ����� ����	� ! RECENT PAPER
DEPICTED THE FIRST CONTROL STRATEGIES DEVELOPED FOR
)3-3 IN A MODEL OF INCOMPLETE 3#) �$ALRYMPLE ET AL
����	� 4HESE STRATEGIES AUGMENTED THE RESIDUAL FUNC
TION IN A MODEL OF HEMISECTION 3#) AND� USING SUPER
VISED MACHINE LEARNING� ADAPTED THE CONTROL STRATEGY

FOR DIFFERENT SPEEDS OF WALKING� 3UPERVISED MACHINE
LEARNING HAS ALSO BEEN USED TO CONTROL SURFACE FUNC
TIONAL ELECTRICAL STIMULATION �&%3	 SYSTEMS IN PER
SONS WITH 3#) �!BBAS AND 4RIOLO ����� 0OPOVÍC ET AL
����	� HOWEVER� FEW STUDIES HAVE FOCUSED ON COM
PLETING AN ENTIRE WALKING CYCLE �0OPOVÍC ����	� !S
PEOPLE WITH 3#) EXPERIENCE VARYING LEVELS OF PARA
LYSIS� EACH PERSON WOULD REQUIRE THEIR OWN CUSTOM
STIMULATION SETTINGS TO RESTORE WALKING� -OREOVER�
INCOMPLETE INJURIES EVOLVE OVER TIME REQUIRING FUR
THER UPDATING OF STIMULATION SETTINGS� -ANUAL TUN
ING OF SETTINGS IS BURDENSOME� IT IS TIMECONSUMING
AND BASED QUALITATIVELY ON TRIAL AND ERROR� ! RECENT
MACHINE LEARNING APPROACH DEMONSTRATED THE FEASIB
ILITY OF ADAPTIVE TUNING OF IMPEDANCE PARAMETERS IN
A PROSTHETIC KNEE �7EN ET AL ����	� HOWEVER� TO DATE�
ADAPTIVE MACHINE LEARNING APPROACHES HAVE NOT BEEN
UTILIZED IN IMPLANTED NEURAL PROSTHETIC APPROACHES FOR
RESTORING OVERGROUND WALKING�

)NTUITIVE CONTROL OF A NEURAL PROSTHESIS REQUIRES
THE DEVICE TO KNOW WHAT THE USER WANTS TO DO PRE
EMPTIVELY WITH AUTOMATIC ADAPTATION TO CHANGES IN
THE ENVIRONMENT� ,EARNING PREDICTIONS OF WALKING
RELEVANT SENSOR SIGNALS FOR INITIATING CONTROL OUTPUTS
MAY BE A MORE RELIABLE METHOD TO PRODUCE WALK
ING� 0REDICTIONS ALLOW FOR A TIMELY RESPONSE THAT CAN
BE MODIFIED WITH EXPERIENCE� )N THIS STUDY� WE COM
PARED MORE TRADITIONAL CONTROL METHODS WITH A NEW�
PREDICTIONBASED MACHINE LEARNING CONTROL METHOD�
CALLED 0AVLOVIAN CONTROL� TO PRODUCE OVERGROUND�
ALTERNATING WALKING IN A MODEL OF HEMISECTION 3#)�
3PECIFICALLY� WE ASSESSED THE NEED FOR MANUAL TUN
ING OF CONTROL SETTINGS BETWEEN REACTIONBASED CON
TROL AND 0AVLOVIAN �OR PREDICTIONBASED	 CONTROL OVER
SEVERAL CAT EXPERIMENTS� WITH DIFFERENT PEOPLE PAR
TICIPATING TO MOVE ONE LIMB THROUGH THE WALKING
CYCLE AND AFTER PERTURBATIONS� 4HIS PRESENTS THE FIRST
APPLICATION OF 0AVLOVIAN CONTROL TO PRODUCE WALKING�
)T IS ALSO THE FIRST KNOWN APPLICATION OF REINFORCE
MENT LEARNING TECHNIQUES IN A SPINAL NEURAL INTERFACE�
5SING 0AVLOVIAN CONTROL� WE DEMONSTRATE THAT ALTERN
ATING OVERGROUND WALKING CAN BE ACHIEVED QUICKLY
USING PREDICTIONS OF WALKINGRELEVANT SENSOR SIGNALS�
AND THAT THE THRESHOLDS FOR 0AVLOVIAN CONTROL DO NOT
REQUIRE RETUNING ACROSS DIFFERENT CONDITIONS�

�� -ETHODS

!LL EXPERIMENTAL PROCEDURES WERE APPROVED BY THE
5NIVERSITY OF !LBERTA !NIMAL #ARE AND 5SE #OMMIT
TEE UNDER PROTOCOL !50���� %IGHT ADULT MALE CATS
����� TO ���� KG	 WERE INDIVIDUALLY HOUSED IN LARGE
CAGES AND WERE PROVIDED WITH DAILY ENRICHMENT THAT
INCLUDED A LARGE PLAY PEN� TOYS� HUMAN INTERACTION�
AND SOOTHING MUSIC�

���� )MPLANT PROCEDURE
)NVESTIGATIONS WERE CONDUCTED IN ACUTE� NONRECOVERY
EXPERIMENTS� !NAESTHESIA WAS INITIALLY INDUCED WITH

�
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ISOFLURANE ���	� FOLLOWED BY SODIUM PENTOBARBITAL
ANAESTHESIA ADMINISTERED INTRAVENOUSLY �INDUCTION�
�� MG KG−�� MAINTENANCE� � IN �� DILUTIONS IN SALINE	�
!LL SURGICAL PROCEDURES AND DATA COLLECTION WERE PER
FORMED UNDER SODIUM PENTOBARBITAL �4OOSSI ET AL
����	� ! LAMINECTOMY WAS PERFORMED TO EXPOSE THE
LUMBOSACRAL ENLARGEMENT� !N ARRAY OF �� MICROWIRE
ELECTRODES MADE OF 0Tn)R ����n���	� �� µM IN
DIAMETER� INSULATED WITH � µM POLYIMIDE EXCEPT
FOR APPROXIMATELY ��� µM EXPOSURE AT THE TIP� WAS
IMPLANTED IN ONE SIDE OF THE SPINAL CORD ACCORDING
TO ESTABLISHED PROCEDURES �-USHAHWAR ET AL �����
"AMFORD ET AL ����	� 4HE MICROWIRE TIPS TARGETED
LAMINA )8 IN THE VENTRAL HORN BASED ON FUNCTIONAL
MAPS OF THE MOTONEURON POOLS �6ANDERHORST AND
(OLSTEGE ����� -USHAHWAR AND (ORCH ����� ����B	�
)N ADDITION TO MOTONEURONAL POOLS� THIS REGION CON
TAINS NEURAL NETWORKS THAT� WHEN STIMULATED� PRODUCE
COORDINATEDMULTIJOINT SYNERGISTIC MOVEMENTS OF THE
LEG �%NGBERG AND ,UNDBERG ����� -USHAHWAR AND
(ORCH ����B� 3AIGAL ET AL ����� (OLINSKI ET AL �����
"HUMBRA AND "EATO ����	�

���� 3TIMULATION PROTOCOL
4RAINS OF STIMULI WERE DELIVERED USING A CUSTOMIZED
CURRENTCONTROLLED STIMULATOR �3IGENICS )NC� #HICAGO�
),� 53!	 AND CONSISTED OF A TRAPEZOIDAL WAVEFORM THAT
RAMPED FROM THRESHOLD TO CHOSEN AMPLITUDE OVER �
TIMESTEPS �TIMESTEP = �� MS	� 4HE STIMULUS PULSES
IN A TRAIN WERE ��� µS IN DURATION� BIPHASIC� CHARGE
BALANCED AND DELIVERED AT A RATE OF �� (Z� 3TIMULATION
AMPLITUDES RANGED FROM THRESHOLD ���� µ!	 TO AMP
LITUDES THAT PRODUCED WEIGHTBEARING MOVEMENTS ���
TO �� µ!	 AND DID NOT EXCEED ��� µ! THROUGH ANY
ELECTRODE�

4HE MOVEMENTS ELICITED BY STIMULATION THROUGH
SINGLE ELECTRODES WERE HIP FLEXION� HIP EXTENSION� KNEE
EXTENSION� ANKLE DORSIFLEXION� ANKLE PLANTARFLEXION�
AND A BACKWARD EXTENSOR SYNERGY� WHICH WERE COM
BINED TO CONSTRUCT A FULL WALKING CYCLE� /F THE �� ELEC
TRODES IMPLANTED UNILATERALLY� BETWEEN � AND � WERE
NEEDED TO PRODUCE THE DESIRED WALKING MOVEMENTS
AND INCLUDED REDUNDANCY IN THE FUNCTIONAL TARGETS�
3TIMULATION CHANNELS WERE COMBINED TO CONSTRUCT THE
FOUR PHASES OF THE WALKING CYCLE� & �EARLY SWING	� %�
�LATE SWING TO PAWTOUCH	� %� �MIDSTANCE	� AND %�
�PROPULSION	 �%NGBERG AND ,UNDBERG ����� 'OSLOW
ET AL ����	� 4HE PHASES &n%� AND %�n%� WERE DEFINED
TO BE OPPOSITE PHASES OF THE WALKING CYCLE� $URING
EACH PHASE OF THE WALKING CYCLE� THE ELECTRODE COM
BINATION AND AMPLITUDES REMAINED CONSTANT�

���� %XPERIMENTAL SETUP
&OLLOWING THE IMPLANTATION OF THE )3-3 ARRAY� THE
ANAESTHETIZED CATS WERE TRANSFERRED TO A CUSTOMBUILT
INSTRUMENTED WALKWAY AND PLACED IN A SLING THAT SUP
PORTED THEIR TRUNK� HEAD AND FORELIMBS� WHILE THE
HINDLIMBS WHERE LEFT TO MOVE FREELY OVER THE WALK
WAY �FIGURE �	 �'UEVREMONT ET AL ����� -AZUREK ET AL

����� (OLINSKI ET AL ����	� 4HE SLING WAS SUSPENDED
FROM A CART THAT MOVED WITH THE CAT OVER THE WALKWAY�
4HE CART WAS PARTIALLY UNLOADED TO OFFSET THE WEIGHT
OF THE RECORDING AND STIMULATING EQUIPMENT AND THE
MOBILE VITAL SIGNS MONITORS THAT WERE PLACED ON IT�

'YROSCOPES WERE PLACED ON THE TARSALS OF EACH
HINDLIMB TO MEASURE ANGULAR VELOCITY IN REAL TIME�
&ORCE PLATES PROVIDING GROUND REACTION FORCE �'2&	
IN THREE DIMENSIONS WERE MOUNTED UNDERNEATH THE
WALKWAY� 4HE SENSOR SIGNALS WERE FILTERED USING A "UT
TERWORTH FILTER �F# = � (Z� �ND ORDER	� DIGITIZED AT
� K(Z USING THE 'RAPEVINE .EURAL )NTERFACE 0ROCESSOR
�2IPPLE� 3ALT ,AKE #ITY� 54� 53!	 AND STREAMED INTO
-ATLAB �-ATH7ORKS� )NC�� .ATICK� -!� 53!	 DURING
WALKING�

2EFLECTIVE MARKERS WERE POSITIONED ON THE ILIAC
CREST� HIP� KNEE� ANKLE� AND METATARSOPHALANGEAL
�-40	 JOINTS OF THE RIGHT HINDLIMB �MOVED USING
)3-3	� +INEMATICS OF THIS LIMB WERE RECORDED USING
A CAMERA ���� FPS� *6# !MERICAS #ORP�� 7AYNE� .*�
53!	 POSITIONED ��� M AWAY FROM THE CENTER OF THE
WALKWAY� -ARKER POSITIONS WERE TRACKED POSTHOC
USING -OTION4RACKER�$� A CUSTOM -ATLAB PROGRAM
WRITTEN BY $R� $OUGLAS 7EBER �5NIVERSITY OF 0ITTS
BURGH� 0ITTSBURGH� 0!� 53!	�

! HEMISECTION 3#) WAS MODELED IN THE ANAESTHET
IZED CATS BY HAVING A PERSON �NA¸VE EXPERIMENTER	
MANUALLY MOVE THE LEFT HINDLIMB THROUGH THE WALK
ING CYCLE �PERSONMOVED LIMB� 0-,	 TO REPRESENT THE
@INTACT� LEG� 4HE RIGHT HINDLIMB WAS MOVED USING
)3-3 �STIMULATIONCONTROLLED LIMB� 3#,	 AND REPRES
ENTED THE @PARALYZED� LEG �FIGURE �	� 4HIS HEMISECTION
3#) MODEL IS SIMILAR TO "ROWN3EQUARD SYNDROME IN
HUMANS� WHERE ONE LEG IS PARALYZED AND THE OTHER IS
MOTORINTACT �+UNAM ET AL ����	�

���� #ONTROL STRATEGIES
4HE GOAL OF THE CONTROL STRATEGIES WAS TO TRANSITION THE
3#, THROUGH THE WALKING CYCLE SUCH THAT THE PHASE OF
THE 3#, WAS OPPOSITE TO THE PHASE OF THE 0-, AND
THE FORCE PRODUCED BY THE 3#, WAS ENOUGH TO LIFT THE
ANIMAL�S HINDQUARTERS �I�E� PROVIDE WEIGHTSUPPORT	
AND PROPEL THE ANIMAL ACROSS THE WALKWAY TO PRODUCE
OVERGROUNDWALKING� "OTH CONTROL STRATEGIES DETERM
INEDWHEN THE 3#, TRANSITIONED FROMONE PHASE TO THE
NEXT BASED ON SENSOR INFORMATION FROM THE 0-,�

������ 2EACTIONBASED CONTROL STRATEGY
&OR REACTIONBASED CONTROL� THRESHOLDS WERE PLACED
ON THE SENSOR SIGNALS RECORDED FROM THE 0-, DUR
ING WALKING TO TRIGGER TRANSITIONS BETWEEN THE PHASES
OF THE WALKING CYCLE IN THE 3#,� 4HE SENSOR SIGNALS
USED FOR DEFINING THE TRANSITIONS BETWEEN PHASES OF
THEWALKING CYCLEWERE VERTICAL '2& �V'2&	 AND ANGU
LAR VELOCITY OF THE 0-, �FIGURE ��!		� 4HE TRANSITIONS
WERE CONTROLLED BY RULES INVOLVING THE CURRENT PHASE
IN THE WALKING CYCLE� COMPARING THE SENSOR VALUES
WITH THRESHOLD VALUES� AND THE DIRECTION OF THE SLOPE
OF THE SENSOR VALUES� 4HRESHOLDS WERE PLACED ON THE

�
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&IGURE �� %XPERIMENTAL SETUP FOR OVERGROUND WALKING� ! NA¸VE EXPERIMENTER MOVED THE LEFT HINDLIMB THROUGH THE WALKING CYCLE�
3ENSOR SIGNALS FROM FORCE PLATES UNDER THE WALKWAY AND A GYROSCOPE ON THE TARSALS FROM BOTH HINDLIMBS WERE CONVERTED TO DIGITAL
SIGNALS BY THE $!1 AND STREAMED INTO -ATLAB� )N -ATLAB� A CUSTOM CONTROL ALGORITHM WAS USED TO CONTROL THE STIMULATION TO THE
SPINAL CORD TO MOVE THE RIGHT HINDLIMB TO THE OPPOSITE PHASE OF THE WALKING CYCLE�

SENSOR SIGNALS AT TIMES THAT ACCOUNTED FOR AN ELEC
TROMECHANICAL DELAY �THE DELAY FROM THE TIME A STIM
ULUS WAS DELIVERED TO THE TIME MOVEMENT OCCURRED	
OF APPROXIMATELY ��� MS �$ALRYMPLE ET AL ����	�
"ECAUSE THE THRESHOLDS WERE PLACED ON THE RAW SENSOR
SIGNALS� THIS CONTROL STRATEGY WAS REACTIVE TO THESE
RAW SIGNALS AS OPPOSED TO PREDICTIVE OF THE SIGNALS�
WHICH WAS THE CASE IN 0AVLOVIAN CONTROL �SEE BELOW	�
(ENCE� THIS STRATEGY WAS REFERRED TO AS REACTIONBASED
CONTROL�

������ 0AVLOVIAN CONTROL STRATEGY
!UTOMATIC PREDICTION OF THE CONTROL OUTPUT IS
REQUIRED TO PRODUCE PERSONALIZED WALKING THAT AUG
MENTS REMAINING FUNCTION AFTER A 3#)� 7E USED
REINFORCEMENT LEARNING METHODS TO PREDICT THREE
WALKINGRELEVANT SIGNALS IN REAL TIME� THE V'2&� ANGU
LAR VELOCITY� AND UNLOADING� 5NLOADING WAS DEFINED AS
THE WEIGHTBEARING THRESHOLD �EQUAL TO ����� OF THE
CAT�S BODY WEIGHT IN THIS SETUP �,AU ET AL ����		MINUS

THE V'2&� 5NLOADING DIFFERS FROM V'2& AS IT INFORMS
WHEN THE 0-, IS BELOW OR ABOVE A WEIGHTBEARING
THRESHOLD� WHICH IS SPECIFIC TO EACH ANIMAL� AND INDIC
ATES MORE PRECISELY SAFE LIMB LOADING� 4HRESHOLDS ON
THE LEARNED PREDICTIONS� IN ADDITION TO THE SLOPE OF
THE PREDICTIONS AND KNOWLEDGE OF THE CURRENT PHASE�
WERE USED TO CONTROL )3-3 TO TRANSITION THE 3#, TO THE
OPPOSITE PHASE OF THE 0-, �FIGURE ��"		� 4HE USE OF
A LEARNED PREDICTION OF A SENSORY STIMULUS �REINFORCE
MENT LEARNING OF SENSOR SIGNALS	 TO TRIGGER A FIXED
RESPONSE �)3-3 TRANSITION TO PHASE OF THE WALKING
CYCLE	 IS REFERRED TO AS 0AVLOVIAN CONTROL BECAUSE IT IS
MODELLED AFTER 0AVLOVIAN CONDITIONING �-ODAYIL AND
3UTTON ����	�

4HE TRANSITIONS BETWEEN THE PHASES OF THE WALKING
CYCLE WERE MADE EITHER BY THE PREDICTION OF THE SENSOR
SIGNALS CROSSING THE THRESHOLD� OR THE RAW SENSOR SIG
NAL CROSSING A THRESHOLD� WHICHEVER OCCURRED FIRST�
)NSTANCES WHERE THE RAW SENSOR SIGNALS WERE USED TO
INITIATE A TRANSITION BETWEEN THE PHASES OF THE WALKING

�
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&IGURE �� �!	 0HASES OF THE WALKING CYCLE �%�� %�� &� %�	 AND THRESHOLDS FOR ONE NA¸VE EXPERIMENTER �PERSON !	 ON RAW SENSOR
SIGNALS FROM THE 0-, �PERSONMOVED LIMB	 FOR REACTIONBASED CONTROL �2"#	� �"	 4HRESHOLD SETTINGS ON PREDICTIONS OF SENSOR
SIGNALS FROM THE 0-, USING 0AVLOVIAN CONTROL �0#	� !5= ARBITRARY UNITS DUE TO NORMALIZATION DURING ACQUISITION� 3HADED
REGIONS INDICATE THE PHASE OF THE WALKING CYCLE DETECTED ON THE 0-,� DIVIDED BY VERTICAL LINES INDICATING TIMING OF TRANSITIONS�
(ORIZONTAL LINES MARK THE THRESHOLD VALUES FOR CORRESPONDING PHASE� !RROWS INDICATE THE DIRECTION OF THE SLOPE OF THE SIGNAL
REQUIRED BY THE ALGORITHM�

CYCLE ARE REFERRED TO AS BACKUP REACTIONS� 4HE REL
ATIVE THRESHOLDS FOR THE BACKUP REACTIONS WERE HELD
CONSTANT THROUGHOUT ALL WALKING TRIALS FOR A GIVEN
CAT� AS THEY WERE ADJUSTED BASED ON THE WEIGHT OF
EACH CAT�

������ -ACHINE LEARNING METHODS FOR 0AVLOVIAN CONTROL
�������� 3TATE REPRESENTATION OF SENSOR SIGNALS
&UNCTION APPROXIMATION WAS USED TO REPRESENT THE
HIGHLY SAMPLED� COMPLEX SENSOR SIGNALS AS A BINARY
VECTOR REPRESENTATION OF THE STATE SPACE� NAMED THE
FEATURE VECTOR� X� 3IX SENSOR SIGNALS WERE CHOSEN TO
FORM THE STATE SPACE� LEFT �@INTACT LEG�	 V'2&� RIGHT
�@PARALYZED LEG�	 V'2&� THE SUM OF LEFT AND RIGHT
V'2&S� LEFT ANGULAR VELOCITY� RIGHT ANGULAR VELOCITY�
AND THE EXPONENTIAL MOVING AVERAGE OF THE LEFT V'2&�
4HE EXPONENTIAL MOVING AVERAGE GIVES A LONGTERM
HISTORY OF THE FORCE SIGNAL AND HELPS DIFFERENTIATE
BETWEEN THE PERIODICAL INCREASE AND DECREASE OF THE
OTHER SENSOR SIGNALS� 4O CREATE THE FEATURE VECTOR X� THE
SENSOR VALUES WERE FIRST NORMALIZED TO VALUES BETWEEN
� AND �� 4HESE NORMALIZED VALUES WERE THEN CODED
INTO A BINARY VECTOR USING 3ELECTIVE +ANERVA CODING
�4RAVNIK AND 0ILARSKI ����	�

4O PERFORM SELECTIVE +ANERVA CODING� + = ����
SPECIFIC STATES� ALSO REFERRED TO AS PROTOTYPES� WERE
RANDOMLY DISTRIBUTED OVER THE ENTIRE NORMALIZED� �
DIMENSIONAL STATE SPACE �� SENSORS� FIGURE �	� 4HE PRO
TOTYPE LOCATIONS WERE HELD CONSTANT FOR ALL EXPERI
MENTS� (OARE�S QUICKSELECT WAS USED TO FIND THE C
CLOSEST PROTOTYPES TO THE CURRENT STATE ACCORDING TO
THEIR %UCLIDEAN DISTANCE �4RAVNIK AND 0ILARSKI ����	�
4HREE VALUES OF C� DETERMINED BY CHOOSING SMALL
RATIOS� η� SUCH THAT C = +η WERE USED� 4HE VALUES OF
C WERE EQUAL TO ���� ���� AND ��� CORRESPONDING TO
η VALUES OF ���� ������ AND ������ RESPECTIVELY� 5SING
MULTIPLE C VALUES IS SIMILAR TO THE USE OF OVERLAPPING
TILINGS IN TILE CODING �3UTTON AND"ARTO ����	� IT ALLOWS
FOR COARSE AND FINE REPRESENTATION OF THE STATE IN THE
FEATURE VECTOR�

$URING A WALKING TRIAL� THE COMBINATION OF SENSOR
SIGNALS ACQUIRED AT EACH TIMESTEP CORRESPONDED TO
A STATE IN THE STATE SPACE� TERMED THE CURRENT STATE
�$ALRYMPLE ����	� 4HE CCLOSEST PROTOTYPES TO THE
CURRENT STATE WERE ACTIVATED IN THE FEATURE VECTOR
�I�E� SET EQUAL TO �	� WHILE THE REST WERE INACTIVATED
�I�E� SET EQUAL TO �	� 4HE TOTAL NUMBER OF FEATURES
IN X WAS � +� WHERE ��� �C� + C� + C�	 FEATURES

�
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Current state
c1 closest states to current state

Prototypes

c2 closest states to current

c3 closest states to current

Euclidean distance

&IGURE �� ! DEPICTION OF SELECTIVE +ANERVA CODING� 4HE CURRENT STATE IS �DIMENSIONAL� ONE DIMENSION PER SENSOR SIGNAL USED TO
REPRESENT THE STATE SPACE �LEFT V'2&� RIGHT V'2&� SUM OF LEFT AND RIGHT V'2&� LEFT ANGULAR VELOCITY� RIGHT ANGULAR VELOCITY� MOVING
AVERAGE OF LEFT V'2&	� 0ROTOTYPES CLOSEST TO THE CURRENT STATE WITHIN THE STATE SPACE ARE ACTIVATED AT EACH TIMEPOINT� 4HE RESULT
FROM SELECTIVE +ANERVA CODING IS A VECTOR� WHERE EACH POINT CORRESPONDS TO A PROTOTYPE� !LL POINTS IN THE VECTOR ARE EITHER A �
�UNACTIVATED	 OR A � �ACTIVATED	�

!LGORITHM �� 3ELECTIVE +ANERVA #ODING AS USED IN THIS WORK�
"OLDED VARIABLES REFER TO VECTORS OR MATRICES� ITALICIZED VARIABLES
REFER TO CONSTANTS WITH VALUES THAT PERTAIN TO THIS WORK�
+ = NUMBER OF PROTOTYPES� N= NUMBER OF SENSORS� C = CLOSEST
PROTOTYPES TO CURRENT STATE� 0= PROTOTYPE� 3= STATE�
$= DISTANCE VECTOR� D= %UCLIDEAN DISTANCE� X= FEATURE VECTOR�

3ELECTIVE +ANERVA #ODING

0ARAMETERS PROVIDED� +� N� C�� C�� C�
)NITIALIZE PROTOTYPES 0 RANDOMLY ONCE EVER
)NPUT NEW STATE 3
2ESET $= ZEROS�+��	
&OR I= � TO +
&OR J= � TO N
$I← D�0I�J� 3J	 D= %UCLIDEAN DISTANCE
)← 1UICKSELECT�$	 )NDICES OF SORTED DISTANCES
&OR M= � TO �
INDM← )�� TO CM	
XINDM← � /FFSET BY �M− �	× +
/UTPUT X

WERE ACTIVE AT ALL TIMES� 4HE PSEUDOCODE FOR SELECT
IVE +ANERVA CODING USED IN THIS WORK IS PROVIDED IN
ALGORITHM ��

������ 4RUE ONLINE TEMPORAL DIFFERENCE LEARNING
4RUE ONLINE TEMPORAL DIFFERENCE LEARNING �4/4$	�
WHICH IS A REINFORCEMENT LEARNING METHOD� WAS USED
TO LEARN THE PREDICTIONS OF THE SENSOR SIGNALS IN
REAL TIME DURING WALKING� 4RADITIONALLY� REINFORCE
MENT LEARNING ACCOMPLISHES A GOAL BY MAXIMIZING
FUTURE REWARD �3UTTON AND "ARTO ����	� BUT CAN ALSO
BE USED TO ESTIMATE� OR PREDICT� THE FUTURE VALUES
OF SIGNALS OTHER THAN REWARD� &OR EXAMPLE� GENERAL
VALUE FUNCTIONS �'6&S	 CAN BE LEARNED TO PREDICT
ARBITRARY SIGNALS OF INTEREST� CALLED CUMULANTS �:	
�7HITE ����	� 4RUE ONLINE TEMPORAL DIFFERENCE LEARN
ING �4/4$	WAS USED TO ESTIMATE THE RETURN� OR FUTURE
VALUES OF CUMULANTS� USING PREVIOUSLY OBTAINED ESTIM
ATES �ALGORITHM �	� 4/4$ IS AN UPDATED TEMPORAL
DIFFERENCE LEARNING METHOD THAT HAS ADDED TERMS TO

!LGORITHM �� 4RUE ONLINE TEMPORAL DIFFERENCE LEARNING�
2EINFORCEMENT LEARNING ALGORITHM TO ESTIMATE THE DISCOUNTED
FUTURE VALUES OF SENSOR SIGNALS DURING WALKING� W= WEIGHT VECTOR�
E= ELIGIBILITY TRACE� 6= GENERAL VALUE FUNCTION� 3= STATE�
X= FEATURE VECTOR� := CUMULANT� δ= TEMPORAL DIFFERENCE�
γ= TERMINATION SIGNAL�DISCOUNTING FACTOR� λ= ELIGIBILITY TRACE
PARAMETER� α= LEARNING STEPSIZE�

4RUE /NLINE 4$�λ	

)NITIALIZE W� E� 6OLD� 3� X
2EPEAT EVERY TIMESTEP�
'ENERATE NEXT STATE 3@ AND CUMULANT :�
X@← 3+#�3�	
6← W4 X
6′← W4 X′

δ← :+ γ6′ − 6
E← γλE+ X − αγλ�E4X	X $UTCH TRACE
W← W + α�δ+ 6− 6OLD	E− α�6− 6OLD	X
6OLD← 6@� X← X′

THE ELIGIBILITY TRACE AND WEIGHT UPDATE EQUATIONS �VAN
3EIJEN ET AL ����	�

$URING WALKING� 4/4$ PREDICTED THE FUTURE VAL
UES OF THREE SIGNALS OF INTEREST THAT WERE RECOR
DED FROM THE 0-,� 3PECIFICALLY� THE RETURNS OF THE
CUMULANTS WERE ESTIMATED IN REAL TIME THROUGH THE
INNER PRODUCT OF THE WEIGHT VECTOR �UPDATED DUR
ING 4/4$	 AND THE FEATURE VECTOR FROM FUNCTION
APPROXIMATION �SELECTIVE +ANERVA CODING	� TO PRO
DUCE THE '6& FOR THAT CUMULANT �ALGORITHM �	�
4HE LEARNING STEPSIZE �α	� WHICH DETERMINES THE
MAGNITUDE OF THE UPDATE� WAS SET TO ������ WHICH
WAS DETERMINED EMPIRICALLY� 4HE BOOTSTRAPPING PARA
METER FOR THE ELIGIBILITY TRACE �λ	 WAS SET TO ��� AS
IS OFTEN STANDARD� $IFFERENT TERMINATION SIGNALS �γ	
WERE DETERMINED FOR EACH CUMULANT EMPIRICALLY� ���
FOR UNLOADING� ���� FOR V'2&� AND ���� FOR THE ANGU
LAR VELOCITY OF THE 0-,� "ECAUSE γ = � − �

4 � WHERE
4 = �� MS �ONE TIMESTEP	� THESE VALUES OF γ CORRES
PONDED TO TIMESCALES OF ��� MS� ��� MS� AND ��� MS�
RESPECTIVELY�

�
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���� %XPERIMENTAL PROTOCOL
! WALKING TRIAL CONSISTED OF ONE TRIP ACROSS THE WALK
WAY �^ � M	� ! NA¸VE EXPERIMENTER MANUALLY MOVED
THE 0-, THROUGH THE WALKING CYCLE� AND UP TO FOUR
DIFFERENT NA¸VE EXPERIMENTERS MOVED THE LIMB IN
EACH EXPERIMENT� 3INCE THE CATS WERE ANAESTHETIZED�
THE MOVEMENTS OF THE 0-, WERE ENTIRELY MADE BY
THE EXPERIMENTER� MEANING THAT THE SIGNALS FROM THE
V'2&S AND ANGULAR VELOCITY RESULTED FROM THE EXPER
IMENTER�S BEST APPROXIMATION OF THE MOVEMENTS THAT
WOULD BE MADE BY AN AWAKE CAT� 4HE MOVEMENTS OF
THE 0-, DID NOT TRANSLATE TO THE CAT OR CART DUE TO THE
EFFECTS OF THE ANAESTHESIA �I�E� DID NOT PRODUCE WEIGHT
BEARING OR PROPULSIVE EFFECTS	� 4HE CONTRACTIONS OF THE
MUSCLES PRODUCED BY )3-3 IN THE 3#, PROPELLED THE
ANAESTHETIZED CAT AND CART ALONG THE WALKWAY� 4HE
CONTROL METHOD �REACTIONBASED OR 0AVLOVIAN	 USED
FOR EACH WALKING TRIAL WAS DETERMINED RANDOMLY BY A
DIFFERENT PERSON THAN THE ONE WALKING THE 0-,� OR BY
A RANDOM NUMBER GENERATOR� 4HE PERSON MOVING THE
LIMB WAS BLINDED TO THE CONTROL METHOD DRIVING )3-3
FOR EACH TRIAL�

&OR SOME TRIALS� EXPERIMENTERS WERE TOLD TO PUR
POSEFULLY MAKE A MISTAKE WHILE WALKING THE 0-,� !
MISTAKE WAS NOT EXPLICITLY DEFINED� IT WAS LEFT TO THE
DISCRETION OF THE PERSONWALKING THE 0-,� )NTENTIONAL
MISTAKES INCLUDED ELONGATING THE STANCE OR THE SWING
PHASE� SHAKING THE LIMB IN THE AIR� OR SLIPPING FORWARD
OR BACKWARD�

������ 2EACTIONBASED CONTROL TRIALS
4HE FIRST � CONSECUTIVE WALKING TRIALS FOR EACH NA¸VE
EXPERIMENTER MOVING THE 0-, WERE SET UP USING
THRESHOLDS FOR TRANSITIONS THROUGH THE PHASES OF THE
WALKING CYCLE BASED ON BENCH TESTING AND KNOWLEDGE
FROM PREVIOUS WORK �$ALRYMPLE ET AL ����	� 4HE
THRESHOLDS WERE THEN REVISED BASED ON THE SUCCESS
OF THE TRANSITIONS THROUGH THE PHASES OF THE WALK
ING CYCLE AND THE COLLECTED SENSOR SIGNALS� 4HE REVISED
THRESHOLDS WERE THEN TESTED IN THE FOLLOWING WALKING
TRIAL AND RETUNED UNTIL CONSISTENT WALKING WAS PRO
DUCED� !FTER THIS INITIAL TUNING PERIOD� THE PERSON
SPECIFIC THRESHOLDS REMAINED CONSTANT THROUGHOUT ALL
CAT EXPERIMENTS� !N EXAMPLE OF THE THRESHOLDS SPE
CIFIC TO EXPERIMENTER ! IS SHOWN IN FIGURE ��!	�
/PTIMIZING INITIAL THRESHOLDS FOR EACH PERSON AND
HOLDING THEM CONSTANT THROUGHOUT ALL EXPERIMENTS
ALLOWED FOR A FAIR COMPARISON OF THE CONTROL STRATEGIES
WITH THEIR BEST POSSIBLE THRESHOLDS FROM STARTUP�
%ACH PERSON PERFORMED WALKING TRIALS USING THE CUS
TOMIZED THRESHOLDS FROM THE THREE OTHER NA¸VE EXPER
IMENTERS WALKING THE 0-, IN ADDITION TO TRIALS WITH
THEIR OWN THRESHOLDS�

������ 0AVLOVIAN CONTROL TRIALS
/F THE EIGHT CAT EXPERIMENTS CONDUCTED IN THIS STUDY�
THE FIRST THREE HAD ONE SET OF THRESHOLDS ON THE PRE
DICTED VALUES OF THE SENSOR SIGNALS� WHILE THE REMAIN
ING FIVE HAD A DIFFERENT SET OF THRESHOLDS� !S THIS

WAS THE FIRST TESTING OF THESE NEWLY DEVELOPED CON
TROL STRATEGIES IN AN ANIMAL� INITIAL SETTING OF PARA
METERS WAS NEEDED� "Y COMPARISON� THE RULEBASED
CONTROL STRATEGY HAD BEEN EMPLOYED IN PREVIOUS WORK
�$ALRYMPLE ET AL ����	� AND WAS THEREFORE TRIED AND
TESTED IN AN EXPERIMENTAL SETTING ALREADY� 4HE LEARN
ING PARAMETERS AND METHODS FOR 0AVLOVIAN CONTROL
REMAINED CONSTANT THROUGHOUT THE STUDY� 4HE INITIAL
THRESHOLDS FOR 0AVLOVIAN CONTROL WERE CHOSEN BASED
ON TESTING ON PREVIOUSLY COLLECTED DATA FROM TREADMILL
STEPPING �$ALRYMPLE ET AL ����	 AND BENCH TESTING ON
THE WALKWAY WITHOUT A CAT� 4HESE THRESHOLDS RESULTED
IN ����� OF THE STEPS TRIGGERED BY BACKUP REACTIONS
AND ���� OF STEPS HAVING MISSED PHASE TRANSITIONS�
4HEREFORE� THE THRESHOLDS WERE REVISED ALONG WITH A
CHANGE IN WHICH SIGNAL WAS USED TO PREDICT SOME OF
THE PHASES AND HELD CONSTANT FOR THE FOLLOWING FIVE
EXPERIMENTS� 4HE BACKUP REACTION THRESHOLDS WERE
UNCHANGED�

3EVERAL DIFFERENT TRIAL TYPES WERE CONDUCTED TO
INVESTIGATE EARLY LEARNING� CONTINUED LEARNING� AND
HOW THE LEARNING ADAPTED OR RECOVERED AFTER CHANGES
BETWEEN CAT EXPERIMENTS AND PEOPLE WALKING THE
0-,� %ARLY LEARNING WAS EVALUATED BY INITIALIZING
THE LEARNING WEIGHTS� ELIGIBILITY TRACE� AND '6&S TO
� AT THE BEGINNING OF A WALKING TRIAL� )N THESE TRIALS�
LEARNING BEGAN ANEW WITH NO PRIOR KNOWLEDGE� 4HESE
EARLY LEARNING TRIALS WERE REPEATED IN EVERY CAT EXPER
IMENT WITH THE DIFFERENT NA¸VE EXPERIMENTERS WALKING
THE 0-,�

,EARNING ALSO CONTINUED ACROSS SEVERAL WALK
ING TRIALS WITHIN EACH CAT EXPERIMENT� 4HROUGHOUT
THESE TRIALS WITHIN THE EXPERIMENT� MULTIPLE NA¸VE
EXPERIMENTERS TOOK TURNS TO WALK THE 0-, THROUGH
THE WALKING CYCLE� &URTHERMORE� THE CARRYOVER OF
LEARNING FROM ONE CAT EXPERIMENT TO THE NEXT WAS
TESTED OVER � CATS� 2EPEATING THESE CARRYOVER TRI
ALS IN A NEW CAT EXPERIMENT ALLOWED REPEATED INVEST
IGATION OF THE TRANSFER OF THE LEARNING ALGORITHM
BETWEEN EXPERIMENTS WITH DIFFERENT CATS AND DIF
FERENT EXPERIMENTERS WALKING THE 0-, �I�E� DIFFER
ENT WALKING STYLES	� ! SET OF TRIALS WERE ALSO CON
DUCTED WHEREBY LEARNING CONTINUED THROUGHOUT �
CAT EXPERIMENTS� WHERE MULTIPLE EXPERIMENTERS TOOK
TURNS TO WALK THE 0-,WITHIN EACH EXPERIMENT� 4HESE
TRIALS INVESTIGATED THE LONGTERM LEARNING AND THE
ADAPTATION TO CHANGES IN CATS AND PEOPLE WALKING
THE 0-,�

���� $ATA PROCESSING AND ANALYSIS
������ #ALCULATING ALTERNATION
4HE ALTERNATION OF THE TWO HINDLIMBS WAS CALCULATED
FROM THE V'2&S USING PREVIOUSLY DESCRIBED METHODS
�$ALRYMPLE ET AL ����	� "RIEFLY� THE TIME SPENT IN VER
TICAL LOADING PER LEG WAS CONVERTED INTO THE DEGREES
OF A CIRCLE� WITH THE ONSET OF VERTICAL LOADING OF THE
0-, DEFINING THE POINTS OF �◦ AND ���◦� 4HE HALFWAY
TIME OF VERTICAL LOADING FOR EACH LIMBWAS CONVERTED TO
DEGREES ACCORDING TO THE STEP PERIOD� 4HE DIFFERENCE OF

�
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THE PHASE FOR EACH LIMB SHOULD EQUAL ���� FOR PERFECT
ALTERNATION�

������ $EFINING TRANSITIONS AS TRIGGERED BY A PREDICTION
OR A REACTION
! STEP WAS CONSIDERED TO BE ENTIRELY UNDER 0AVLOVIAN
CONTROL IF TRANSITIONS THROUGH ALL � PHASES OF THE
GAIT CYCLE WERE ACHIEVED BASED ON THE THRESHOLDS
PLACED ON THE PREDICTED SENSOR VALUES� )F ANY OF
THE PHASES REQUIRED A BACKUP REACTION �BASED
ON THRESHOLDS PLACED ON THE RAW SENSOR VALUES	
TO TRANSITION� THEN THAT ENTIRE STEP WAS COUNTED
AS SUCH�

������ ,EARNING CURVES
4HE ONLINE PREDICTION OF THE RETURN �PREDICTED DIS
COUNTED FUTURE VALUES OF THE SENSOR SIGNALS	 WITH
THE IDEAL RETURN �ACTUAL DISCOUNTED SUM OF FUTURE
VALUES OF THE SENSOR SIGNALS	 WAS COMPARED FOR
EACH SENSOR VALUE �3UTTON AND "ARTO ����	� $UR
ING WALKING� 4/4$ ESTIMATED THE RETURN BASED ON
PREVIOUS INTERACTION AND CURRENT SENSOR VALUES� 4HE
IDEAL RETURN WAS CALCULATED POSTHOC BY SUMMAT
ING THE FUTURE RAW SENSOR VALUES DISCOUNTED BY
THE DISCOUNT FACTOR �γ	 USED FOR EACH SENSOR SIG
NAL� 4HE MEAN SQUARED ERROR BETWEEN THE ONLINE
RETURN AND THE IDEAL RETURN FOR EACH SENSOR SIG
NAL WAS CALCULATED FOR EARLY LEARNING TRIALS� AND
AVERAGED THE ERRORS OVER THE TRIAL TIME �-ODAYIL
ET AL ����	�

���� 3TATISTICS
! ONESAMPLE TTEST WAS USED TO COMPARE THE ALTERN
ATION PHASE DIFFERENCES WITH THE TARGET OF ���◦�
! PVALUE ≤ ���� WAS CONSIDERED TO INDICATE SIG
NIFICANCE� 4HE EFFECT SIZE WAS DETERMINED USING
#OHEN�S D�

#HISQUARED �8�	 TESTS WERE CONDUCTED TO COM
PARE THE PROPORTION OF PREDICTIONTRIGGERED PHASE
TRANSITIONS BETWEEN DIFFERENT TYPES OF 0AVLOVIAN CON
TROL WALKING TRIALS �EARLY� WITHIN ONE CAT� CARRY
OVER� AND CONTINUED LEARNING	� AS WELL AS FOR COM
PARING THE PROPORTION OF MISSED PHASE TRANSITIONS
ACROSS CONTROL METHODS� #ROSSTABULATIONS WERE GEN
ERATED FOR ALL PAIRWISE COMBINATIONS� 4HE 8� WITH
THE CONTINUITY CORRECTION FOR � × � CONTINGENCY
TABLES WERE REPORTED� WITH THE αLEVEL ADJUSTED USING
THE MODIFIED "ONFERRONI CORRECTION FOR MULTIPLE
COMPARISONS�

�� 2ESULTS

! TOTAL OF ���� STEPS FROM ��� TRIALS WERE RECORDED
FROM EIGHT CATS� /N AVERAGE� THE STEP PERIOD WAS ���� S
�3$= ���� S	 AND RANGED FROM ���� S TO ���� S�

���� 7ALKING WITH REACTIONBASED CONTROL
2EACTIONBASED CONTROL WAS TESTED IN ALL EIGHT CATS�
RESULTING IN ��� WALKING TRIALS� 4HE TRANSFERABILITY OF

4ABLE �� 0ROPORTION OF MISSED STEPS FOR COMBINATIONS OF PEOPLE
WALKING THE 0-, �PERSONMOVED LIMB	 USING CUSTOMIZED
THRESHOLD SETTINGS FOR EACH PERSON DURING REACTIONBASED CONTROL�

! " # $

! ����� ������ ����� �����
" ���� ����� ����� �����
# ���� ����� ����� ����

4HRESHOLD SETTINGS

$ ����� ����� ����� �����

THE TUNED PARAMETERS FOR ONE WALKING PATTERN �BY
ONE NA¸VE EXPERIMENTER	 TO ANOTHER AND THE NEED FOR
RETUNING OF PARAMETERS FOR REACTIONBASED CONTROL OF
OVERGROUNDWALKINGWAS DOCUMENTED�7E FOUND THAT
ONE NA¸VE EXPERIMENTER�S THRESHOLDS WERE NOT TRANS
FERABLE TO THE OTHER NA¸VE EXPERIMENTERS� 4HIS WAS
BECAUSE THERE WAS HIGH VARIABILITY IN THE FORCE PRO
DUCTION AND MOVEMENTS PRODUCED BY THE � NA¸VE
EXPERIMENTERS WALKING THE 0-, �FIGURE ��A		� THERE
FORE� CUSTOMIZED THRESHOLDS FOR TRANSITIONS BETWEEN
THE PHASES OF THE WALKING CYCLE FOR EACH PERSON
WERE NEEDED� 4HE BEST PERFORMANCE OF CUSTOMIZED
THRESHOLDS WAS ����� OF STEPS SUCCESSFULLY TRANSITION
ING THROUGH THE PHASES OF THE WALKING CYCLE� /VER
ALL� ����� ���������	 OF THE TOTAL NUMBER OF STEPS
IN ALL WALKING TRIALS UNDER REACTIONBASED CONTROL
HAD MISSED PHASE TRANSITIONS DUE TO THE ABSENCE
OF THRESHOLD CROSSING BY THE RAW SENSORS IN THESE
INSTANCES �TABLE �	�

4HE ALTERNATION BETWEEN THE 0-, AND THE 3#,
WAS ASSESSED USING THE PHASE DIFFERENCE BETWEEN THE
TWO LEGS� WHERE A PHASE DIFFERENCE OF ���◦ INDICATED
PERFECT ALTERNATION �$ALRYMPLE ET AL ����	� "OTH HIND
LIMB ALTERNATION AND SUCCESSFUL TRANSITIONS THROUGH
THE PHASES OF THE WALKING CYCLE NEEDED TO OCCUR FOR
WALKING TO BE CONSIDERED FUNCTIONALLY EFFECTIVE� /VER
ALL� REACTIONBASED CONTROL ACHIEVED A PHASE DIFFER
ENCE OF �����◦ �3$ = ����◦	� 4HERE WERE INSTANCES
WHERE THE PARAMETER SETTINGS FOR ONE NA¸VE EXPERI
MENTER �PERSON #	 WALKING THE 0-, RESULTED IN FEWER
MISSED PHASE TRANSITIONS WHEN UTILIZED FOR ANOTHER
EXPERIMENTER WALKING THE 0-, �PERSONS ! AND $�
TABLE �	� (OWEVER� POOR 0-,3#, ALTERNATION WAS
ENCOUNTERED DUE TO LARGE VARIABILITY IN THE WALK
ING PATTERNS PRODUCED BY THE DIFFERENT EXPERIMENTERS
WALKING THE 0-, �FIGURE ��"		� 4HIS WAS BECAUSE PER
SONS ! AND $ MADE LARGER MOVEMENTS WITH LARGER
SENSOR VALUES THAN REQUIRED FOR THE SETTINGS TUNED FOR
PERSON #� TRIGGERING PHASE TRANSITIONS BETWEEN THE
PHASES OF THE GAIT CYCLE EARLIER THAN NEEDED TO PRODUCE
ALTERNATING WALKING� 4HIS PRODUCED A PHASE DIFFERENCE
SIGNIFICANTLY LESS THAN ���◦ WITH VERY LARGE EFFECT SIZES
�PHASE DIFFERENCE FOR != �����◦� PHASE DIFFERENCE FOR
$ = �����◦� P � ������� DF = ���� ��� ONESAMPLE T
TEST� #OHEN�S D= ����� ����	� 4HE INCONSISTENT ALTERN
ATION AND UNSUCCESSFUL PHASE TRANSITIONS ACROSS DIF
FERENT PEOPLE WALKING THE 0-, �I�E� DIFFERENT WALKING
STYLES	 HIGHLIGHT THE NEED FOR AN AUTOMATICALLY PRE
DICTIVE CONTROL SYSTEM�

�
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&IGURE ��7ALKING USING REACTIONBASED CONTROL �N= ��� TRIALS	� �!	 'ROUND REACTION FORCES AND ANGULAR VELOCITIES PRODUCED BY
EACH OF THE � NA¸VE EXPERIMENTERS WALKING THE 0-, �PERSONMOVED LIMB	� �"	 !LTERNATION PHASE DIFFERENCES OF THE HINDLIMBS FOR
EACH PERSON WALKING THE 0-, WITH THRESHOLD SETTINGS TUNED FOR EACH PERSON� 4ARGET ALTERNATION DIFFERENCE IS ���◦� ∗P � �������

���� 7ALKING WITH 0AVLOVIAN CONTROL
������ ,EARNING PREDICTIONS OF SENSOR SIGNALS OCCURS
QUICKLY
4HE 0AVLOVIAN CONTROLLER LEARNED PREDICTIONS IN REAL
TIME DURING OVERGROUND WALKING� 7ITHOUT PRIOR
LEARNING� PREDICTIONS BECAME THE ONLY SIGNALS THAT INI
TIATED PROPER PHASE TRANSITIONS WITHIN A MAXIMUM OF
FOUR STEPS� WHICH CORRESPONDED TO APPROXIMATELY � S�
"ACKUP REACTIONS FOR PHASE TRANSITIONS MOST COM
MONLY OCCURRED WITHIN THE FIRST STEP� INDICATING THAT
LEARNING THE PREDICTED SIGNALS OCCURRED QUICKLY RES
ULTING IN APPROPRIATE PHASE TRANSITIONS �TABLE �	� &AST
LEARNING IS ALSO DEMONSTRATED BY THE LEARNING CURVES�
WHERE THE MEAN SQUARED ERROR BETWEEN THE ONLINE
AND IDEAL RETURNS DECREASED EXPONENTIALLY AS LEARNING
CONTINUED WITHIN THE TRIAL �FIGURE �	� 4HROUGHOUT ALL
���� STEPS IN THE EARLY LEARNING TRIALS �N = �� TRIALS	�
ONLY � HAD FAILED PHASE TRANSITIONS THROUGHOUT THE
WALKING CYCLE� )N ����� OF THE STEPS TAKEN� THE PHASE
TRANSITIONS WERE INITIATED BY THE PREDICTIONS CROSSING
THE THRESHOLDS� %ARLY LEARNING TRIALS HAD AN AVERAGE
PHASE DIFFERENCE OF �����◦± ���◦� 4HEREFORE� THE NA¸VE
LEARNING ALGORITHM WAS ABLE TO LEARN ACCURATE PREDIC
TIONS OF WALKINGRELEVANT SENSOR SIGNALS QUICKLY� PRO
DUCING FUNCTIONAL OVERGROUND WALKING USING )3-3�

4ABLE �� "ACKUP REACTIONS IN EARLY LEARNING TRIALS USING 0AVLOVIAN
CONTROL� 7ITHIN HOW MANY STEPS AT THE BEGINNING OF A WALKING TRIAL
WAS A BACKUP REACTION TRIGGERED FOR EACH PERSON WALKING THE 0-,
�PERSONMOVED LIMB	�

� 3TEP � 3TEPS � 3TEPS -ORE

! ����� ���� ���� ����
" ����� ���� ���� ����
# ����� ���� ����� ����
$ ����� ���� ����� �����
!LL ����� ���� ���� ����

������ ,EARNING THAT CONTINUED WITHIN A CAT EXPERIMENT
PRODUCED BETTER 0AVLOVIAN CONTROL
!S LEARNING CONTINUED PAST ONE WALKING TRIAL WITHIN
A CAT EXPERIMENT� THE PREDICTIONS OF THE WALKING
RELEVANT SIGNALS BECAME SMOOTHER AND MORE RELIABLE
AS THEY ACCUMULATED MORE EXPERIENCE �FIGURES ��!	
AND "	� 4HE PROPORTION OF STEPS INITIATED BY THRESHOLD
CROSSINGS ON THE PREDICTED SENSOR SIGNALS SIGNIFICANTLY
INCREASED COMPARED TO TRIALS WITHOUT PRIOR LEARN
ING �INITIALIZED TO ZERO� ����� PREDICTIONS� CONTIN
UED WITHIN ONE CAT� ����� PREDICTIONS� P � �������
8� TEST� FIGURE ��$		� 4HE PHASE DIFFERENCE ACHIEVED
IN THESE TRIALS WAS �����◦ AND WAS NOT SIGNIFICANTLY

�
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&IGURE �� 3PEED OF EARLY LEARNING �N= �� TRIALS	� �!	 ,EARNING CURVE DEPICTING THE AVERAGE �SOLID LINE	 AND STANDARD DEVIATION
�SHADED REGION	 OF THE MEAN SQUARED ERROR OF THE UNLOADING SIGNAL OVER TIME� �"	 ,EARNING CURVE FOR GROUND REACTION FORCE� �#	
,EARNING CURVE FOR ANGULAR VELOCITY� �$	 %XAMPLE OF THE ACTUAL SENSOR SIGNALS� ONLINE ESTIMATED RETURN �PREDICTION	� AND THE IDEAL
RETURN �ACTUAL DISCOUNTED SUM OF FUTURE VALUES OF THE SENSOR SIGNALS	�

DIFFERENT FROM THE TARGET OF ���◦ ± ���◦ �P = ������
DF = ��� ONESAMPLE TTEST	� DEMONSTRATING THE ABIL
ITY TOMAINTAIN ALTERNATION OF THE HINDLIMBS AS ONLINE
LEARNING CONTINUED WITHIN A CAT EXPERIMENT FOR ALL
EXPERIMENTERS WALKING THE 0-, �FIGURE ��E		�

������ ,EARNING CONTINUED TO INITIATE PREDICTIONBASED
TRANSITIONS ACROSS SEVERAL CATS AND WALKING STYLES
4HE ABILITY OF THE 0AVLOVIAN CONTROL TO ADAPT TO SUDDEN
CHANGES IN WALKING STYLE WAS EXAMINED BY EVALUATING

THE WALKING TRIALS AT THE TRANSITION BETWEEN DIFFER
ENT NA¸VE EXPERIMENTERS WALKING THE 0-,� !S DIF
FERENT NA¸VE EXPERIMENTERS TOOK TURNS TO MOVE THE
0-, THROUGH THE WALKING CYCLE� LEARNING QUICKLY
ACCLIMATED TO THE NEW PERSON AND THEIR STYLE OF WALK
ING� /F THE �� TRANSITION POINTS BETWEEN PEOPLE�
�� DID NOT REQUIRE A BACKUP REACTION TO TRANS
ITION THE 3#, THROUGH THE PHASES OF THE WALKING
CYCLE �FIGURE ��!		� /NLY FIVE TRIALS REQUIRED MORE
THAN � STEP TO ADJUST TO THE NEW NA¸VE EXPERIMENTER

��
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&IGURE �� %FFECT OF CONTINUED LEARNING� �!	 2AW SENSOR SIGNALS AND LEARNED PREDICTIONS OF UNLOADING� GROUND REACTION FORCE� AND
ANGULAR VELOCITY OF THE 0-, WHEN LEARNING CONTINUED BETWEEN TRIALS WITHIN A SINGLE CAT EXPERIMENT� 4HE TRIGGER TIMES FOR THE
PHASES OF THE WALKING CYCLE ARE MARKED ON THEIR CORRESPONDING SIGNAL BY A VERTICAL LINE� �"	 2EPRESENTATIVE EXAMPLES OF RAW AND
PREDICTED VALUES OF THE UNLOADING SIGNAL DURING EARLY LEARNING �INITIALIZED AT �	 AND CONTINUED LEARNING �AFTER SEVERAL WALKING
TRIALS	� 4RANSITIONS FOR THE & �EARLY SWING	 PHASE MADE BY BACKUP REACTIONS �DASHED VERTICAL	 AND PREDICTIONS �SOLID VERTICAL	 ARE
MARKED� 4HE SOLID HORIZONTAL LINE INDICATES THE THRESHOLD VALUE FOR PREDICTIONS OF UNLOADING FOR 0AVLOVIAN CONTROL� �#	 -OVEMENTS
PRODUCED BY THE 3#, �STIMULATIONCONTROLLED LIMB	 DURING A TRIAL WHERE LEARNING CONTINUED WITHIN A SINGLE CAT EXPERIMENT� �$	
0ROPORTION OF TRANSITIONS INITIATED BY PREDICTIONS AND REACTIONS FOR EARLY LEARNING AND CONTINUED LEARNING WALKING TRIALS� �%	
!VERAGE �ARROW	 AND STANDARD DEVIATION �SHADED	 ALTERNATION FOR TRIALS WHERE LEARNING CONTINUED WITHIN A CAT EXPERIMENT�

WALKING THE 0-, BEFORE ONLY PREDICTIONTRIGGERED
TRANSITIONS OCCURRED� 4HIS IMPRESSIVELY DEMONSTRATED
FAST ADAPTATIONS TO NEW ENVIRONMENTS� RESULTING IN THE

FIRST PERSONALIZED AND AUTOMATICALLY PREDICTIVE CON
TROL STRATEGY FOR A NEURAL PROSTHESIS� 4HE NEXT POINT
OF INTEREST WAS TO DETERMINE IF THE SETTINGS LEARNED FOR

��
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&IGURE �� ,EARNING ADAPTS TO DIFFERENT SUBJECTS DURING WALKING� �!	 0ROPORTION OF STEPS WITH A BACKUP REACTION FOLLOWING A
TRANSITION TO A NEW PERSON WALKING THE 0-, �PERSONMOVED LIMB� N= �� TRANSITIONS	� �"	 !LTERNATION AND PROPORTION OF
TRANSITIONS INITIATED BY PREDICTIONS AND REACTIONS WHEN LEARNING CARRIED OVER BETWEEN DIFFERENT CAT EXPERIMENTS �N= �� TRIALS	�
�P= ������

0AVLOVIAN CONTROL IN ONE ANIMAL COULD TRANSFER AND
ADAPT TO THE NEXT ANIMAL� 4HIS IS ANALOGOUS TO HAV
ING A NEW USER OF A CLINICAL SYSTEM HAVE THEIR INITIAL
SETTINGS MIRROR THOSE OF PREVIOUS USERS INSTEAD OF FINE
TUNING THE SETTINGS FROM SCRATCH FOR THE NEW USER� 6ERY
INTERESTINGLY� THE LEARNED PREDICTIONS FROM PREVIOUS
EXPERIMENTS TRANSLATED WELL TO NEW CAT EXPERIMENTS�
)N THE FIRST WALKING TRIAL IN THE NEW ANIMAL� �����
OF THE STEPS TAKEN DID NOT REQUIRE A BACKUP REAC
TION FOR PHASE TRANSITIONS� AND ����� OF STEPS REQUIR
ING A BACKUP REACTION WERE THE FIRST STEP IN THE TRIAL�
4HE STEPS IN THESE WALKING TRIALS WERE ALTERNATING� WITH
AN AVERAGE PHASE DIFFERENCE OF �����◦ ± ���◦� WHICH
WAS SIGNIFICANTLY DIFFERENT FROM ���◦ BUT WITH A SMALL
#OHEN�S D EFFECT SIZE �P= ������ DF= ��� ONESAMPLE
TTEST� #OHEN�S D= ����� FIGURE ��"		�

������ ,EARNING CONTINUED TO IMPROVE ACROSS SEVERAL
CATS AND WALKING STYLES
,ONGTERM LEARNING DURING WALKING WAS POSSIBLE BY
CONTINUING THE LEARNING OVER SEVERAL CAT EXPERIMENTS
WITH DIFFERENT NA¸VE EXPERIMENTERS TAKING TURNS TO
WALK THE 0-,� 4HIS PROVIDED AN EXCELLENT REPRESENT
ATION OF DAYTODAY CHANGES THAT MAY OCCUR IN THE
WALKING STYLES PRODUCED BY THE USERS� 4HE LEARNED PRE
DICTIONS TRIGGERED PHASE TRANSITIONS INMORE THAN ���
OF THE STEPS TAKEN FOR ALL NA¸VE EXPERIMENTERS WALK
ING THE 0-,� WHICH WAS SIGNIFICANTLY HIGHER THAN THE
PROPORTION OF PREDICTION INITIATED TRANSITIONS IN EARLY
LEARNING TRIALS �P � ������� 8� TEST FIGURE ��!		� 5P
TO ����� OF STEPS WERE TRANSITIONED USING PREDICTIONS
�0ERSON "� FIGURE ��"		� /N AVERAGE� THESE CONTINUING
WALKING TRIALS HAD A PHASE DIFFERENCE OF �����◦ ± ���◦

�P= ������ DF= ���� ONESAMPLE TTEST� FIGURE ��#		�
)MPORTANTLY� THERE WERE NO MISSING PHASE TRANSITIONS
FOR WALKING IN ANY TRIALS WHERE LEARNING CONTINUED
BEYOND THE FIRST LEARNING TRIAL�

������ 0AVLOVIAN CONTROL RECOVERED FROM MISTAKES
&INALLY� WE TESTED HOW THE LEARNING RECOVERED FROM
PERTURBATIONS DURING WALKING� 4HIS IS IMPORTANT
BECAUSE THE END USERS OF A NEURAL PROSTHESIS MAY HAVE
INSTANCES OF INSTABILITY� $IFFERENT TYPES OF INTENTIONAL

MISTAKES WERE MADE BY THE NA¸VE EXPERIMENTERS WALK
ING THE 0-, THROUGHOUT VARIOUS STAGES OF LEARNING�
4HE PREDICTIONS WERE IMMUNE TO THE NEW AND UNEX
PECTED VALUES OF THE SENSOR SIGNALS WHEN WALKING WAS
INTERRUPTED� &OLLOWING A MISTAKE� ����� ������	 OF
THE STEPS THAT FOLLOWED HAD PHASE TRANSITIONS TRIGGERED
BY THE PREDICTED SENSOR VALUES �FIGURE �	� 4HEREFORE�
NOT ONLY WAS THE 0AVLOVIAN CONTROLLER ABLE TO ACCOM
MODATEMULTIPLE USERS �I�E� CATS	 ANDMULTIPLE STYLES OF
WALKING �I�E� DIFFERENT PEOPLE WALKING THE 0-,	� BUT
IT ALSO WAS ABLE TO RECOVER FROMMISTAKES MADE DURING
WALKING�

�� $ISCUSSION

4HE GOAL OF THIS STUDY WAS TO PRODUCE� FOR THE
FIRST TIME� PREDICTIVE� PERSONALIZED� ALTERNATING� OVER
GROUND WALKING IN A MODEL OF HEMISECTION 3#) USING
)3-3� 4HE CONTROL STRATEGY TOOK ADVANTAGE OF @RESID
UAL FUNCTION� TO RESTORE OVERGROUNDWALKING IN ANAES
THETIZED CATS� 2EINFORCEMENT LEARNING WAS USED TO
LEARN PREDICTIONS OF WALKINGRELEVANT SENSOR VALUES�
0AVLOVIAN CONTROL USED THE PREDICTED SENSOR VALUES
AND THRESHOLD CROSSINGS ON THESE PREDICTIONS TO CON
TROL )3-3 SUCH THAT THE @PARALYZED LIMB� IS MOVED
TO THE OPPOSITE PHASE OF THE WALKING CYCLE AS THE
@INTACT LIMB�� 0AVLOVIAN CONTROL WAS USED ACROSS DIFFER
ENT PEOPLE WALKING THE @INTACT LIMB� AND THROUGHOUT
DIFFERENT CAT EXPERIMENTS WITHOUT REQUIRING ADJUST
MENTS TO THE THRESHOLD SETTINGS� ,EARNING OCCURRED
VERY QUICKLY AND CONSISTENTLY PRODUCED PREDICTION
DRIVEN TRANSITIONS BETWEEN THE PHASES OF THE GAIT CYCLE�
4HE LEARNED PREDICTIONS WERE ALSO RESILIENT ENOUGH TO
RECOVER QUICKLY FOLLOWING A MISTAKE DURING WALKING�

0ERSONALIZED WALKING WAS POSSIBLE FOR THE FIRST
TIME BECAUSE REINFORCEMENT LEARNING ACCLIMATED TO
DIFFERENT PEOPLE MOVING THE @INTACT LIMB� AS WELL AS
TO DIFFERENT CATS� 4HIS COMES IN CONTRAST TO OTHER
APPROACHES WHERE THE PATTERN OF WALKING BY THE
USER �PERSON	 IS DICTATED BY THE CONTROL ALGORITHM�
!DAPTABILITY AND PERSONALIZED WALKING ARE IMPORTANT
BECAUSE PEOPLE WITH A 3#) WALK DIFFERENTLY FROM EACH
OTHER� AND THERE ARE CHANGES IN WALKING DAYTODAY FOR

��



*� .EURAL %NG� �� �����	 ������ ! . $ALRYMPLE ET AL

0%
20%
40%
60%
80%

100%

Pe
rc

en
t o

f S
te

ps *

(B)

(A)

0°

90°

180°

270°

180.8°

0%

20%

40%

60%

80%

100%

A B C D All

Pe
rc

en
t o

f S
te

ps

People

(C)

&IGURE �� 0REDICTIONS ARE RELIABLE FOR THE CONTROL OF WALKING
THROUGHOUT LEARNING TRIALS FOR ALL PEOPLE� �!	 0ROPORTION OF
STEPS WITH PHASE TRANSITIONS INITIATED BY THRESHOLD CROSSING
ON THE LEARNED PREDICTIONS OR BY BACKUP REACTIONS
�THRESHOLD CROSSING ON THE RAW SENSOR SIGNALS	 AT VARIOUS
STAGES OF LEARNING� ∗P � ������� �"	 0ROPORTION OF STEPS WITH
PHASE TRANSITIONS INITIATED BY THRESHOLD CROSSING ON THE
LEARNED PREDICTIONS OR BACKUP REACTIONS FOR ALL PEOPLE
WALKING THE 0-, WHEN LEARNING CONTINUED ACROSS FIVE CAT
EXPERIMENTS �N= ��� TRIALS	� �#	 !VERAGE �ARROW	 AND
STANDARD DEVIATION �SHADED	 OF THE ALTERNATION PHASE
DIFFERENCE OF THE HINDLIMBS WHEN WALKING CONTINUED ACROSS
FIVE CAT EXPERIMENTS AND FOUR PEOPLE WALKING THE 0-,�

A GIVEN PERSON AS WELL AS WITH ONGOING REHABILITATION�
!DDITIONALLY� )3-3 MAY FACILITATE PLASTICITY AND PRO
MOTE FUNCTIONAL IMPROVEMENTS AS WAS DEMONSTRATED
IN THE RECOVERY OF UPPER LIMB FUNCTION OF RATS WITH
A CONTUSION 3#) �+ASTEN ET AL ����� -CPHERSON ET AL
����	� 4HEREFORE� AN AUTOMATICALLY ADAPTABLE CONTROL
SYSTEM IS HIGHLY DESIRED TO ALLOW FOR MINIMAL REPRO
GRAMMING�

���� ,EARNING METHODS
4HIS STUDY USED 4/4$ TO LEARN '6&S FOR THREE CUMU
LANTS DURING WALKING THAT WERE USED FOR 0AVLOVIAN
CONTROL�7HEN A'6& CROSSED A PREDEFINED THRESHOLD�
A STIMULATION RESPONSE WAS DELIVERED TOMOVE THE 3#,
TO THE OPPOSITE PHASE OF THE WALKING CYCLE RELATIVE

TO THE 0-,� 4HE SELECTIVE +ANERVA FUNCTION APPROX
IMATION METHOD� PREDICTIONS USING '6&S� LEARNING
THROUGH 4/4$� AND 0AVLOVIAN CONTROL ARE RELATIVELY
RECENT ADVANCEMENTS MADE IN THE FIELD OF COMPUT
ING SCIENCE �3UTTON ET AL ����� -ODAYIL AND 3UT
TON ����� VAN 3EIJEN ET AL ����� 4RAVNIK AND 0IL
ARSKI ����	� 3ELECTIVE +ANERVA CODING WAS CHOSEN
BECAUSE IT PERFORMS WELL ONLINE WITH A LARGE NUM
BER OF SENSORS �4RAVNIK AND 0ILARSKI ����	� )T IS ALSO
SIMPLE TO IMPLEMENT AND CONCEPTUALIZE� '6&S HAVE
PROVEN TO BE A VALUABLE TOOL IN REINFORCEMENT LEARN
ING� THEY ALLOW THE PREDICTION OF ARBITRARY SIGNALS�
THUS MAKING REINFORCEMENT LEARNING MORE POWER
FUL AND APPLICABLE TO MORE PROBLEMS� )N THE FIELD
OF REHABILITATION� 4$�λ	 HAS BEEN USED TO PRODUCE
'6&S FOR UPPERLIMB PROSTHESES �0ILARSKI ET AL �����
����A� ����B� 3HERSTAN AND 0ILARSKI ����� %DWARDS
ET AL ����	� 4/4$ OFFERS AN EQUIVALENCE TO THE THE
ORETICAL FORWARD VIEW OF 4$ LEARNING WITH NEGLIGIBLE
INCREASE IN COMPUTATIONAL COST �VAN 3EIJEN ET AL ����	
AND HAS BEEN USED TO PREDICT THE SHOULDER ANGLE OF
AN UPPERLIMB PROSTHESIS �4RAVNIK AND 0ILARSKI ����	�
0AVLOVIAN CONTROL HAS SUCCESSIVELY BEEN USED TO CON
TROL SWITCHING EVENTS OF AN UPPERLIMB PROSTHESIS IN
ABLEBODIED STUDY PARTICIPANTS �%DWARDS ET AL ����	
AND PARTICIPANTS WITH AMPUTATIONS �%DWARDS ET AL
����	� )T HAS ALSO BEEN USED TO CONTROL THE TURNING
OFF AND SPINNING OF A MOBILE ROBOT �-ODAYIL AND
3UTTON ����	�

0AVLOVIAN CONTROL IS AN APPROPRIATE APPROACH TO
RESTORING WALKING AFTER 3#) USING NEURAL TECHNOLOGY
BECAUSE LEARNING THE '6&S CAN OCCUR VERY RAPIDLY�
3INCE THE CONTROL STRATEGY ONLY REQUIRES THE PREDIC
TION TO CROSS A THRESHOLD� ONLINE CONTROL CAN BE INI
TIATED QUICKLY� 4HE LEARNED PREDICTIONS DO NOT FLUC
TUATE NOR ARE LARGELY AFFECTED BY SUDDEN CHANGES
IN THE RAW DATA� MAKING THEM MORE RELIABLE FOR
THRESHOLD CROSSINGS IN STATE CONTROL THAN THE RAW SIG
NALS� !DDITIONALLY� 0AVLOVIAN CONTROL DOES NOT REQUIRE
EXPLORATION OF THE STATE SPACE� WHICH IS NECESSARY
IN TRADITIONAL REINFORCEMENT LEARNING CONTROL METH
ODS� 4HIS IS BENEFICIAL DURING WALKING BECAUSE EXPLOR
ATION OF THE STATE SPACE COULD POSE A DANGER TO
THE USER� &OR EXAMPLE� EXPLORATION MAY PRODUCE
UNSAFE MOVEMENT COMBINATIONS SUCH AS DOUBLE LIMB
UNLOADING� 4HE STATE SPACE COULD BE RESTRICTED TO
AVOID THESE DANGEROUS SITUATIONS� BUT THIS WOULD
LIMIT THE CAPACITY OF REINFORCEMENT LEARNING AND
NEGATE ITS USEFULNESS� 4HEREFORE� 0AVLOVIAN CONTROL�
WHICH USES PREDICTIONS TO DRIVE A FIXED STIMULATION
RESPONSE� IS SUITABLE FOR A REPETITIVE TASK SUCH AS
WALKING�

0AVLOVIAN CONTROL ALSO ALLOWS FOR THE KNOWLEDGE
OF THE EXPERT DESIGNER TO BE INCORPORATED INTO THE
RULES THAT DEFINE THE USES OF THE PREDICTIONS AND
THE OUTPUT� 4HIS STUDY� FOR THE FIRST TIME� COM
BINED ALL OF THESE METHODS AND USED THEM TO CONTROL
A NEURAL INTERFACE TO PRODUCE OVERGROUND WALKING
IN VIVO�

��
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&IGURE �� %XAMPLE OF AN INTENTIONAL MISTAKE� �!	 2AW SIGNALS FOR UNLOADING� GROUND REACTION FORCE� AND ANGULAR VELOCITY OF THE
0-, �PERSONMOVED LIMB	 AND THEIR CORRESPONDING LEARNED PREDICTIONS� 0REDICTIONINITIATED TRANSITIONS ARE INDICATED BY SOLID
VERTICAL LINES� 4HE MISTAKE BEGINS AT APPROXIMATELY � S AND ENDS NEAR ��� S� �"	 'ROUND REACTION FORCES PRODUCED BY THE 0-,
�DASHED TRACE	 AND 3#, �STIMULATIONCONTROLLED LIMB� SOLID TRACE	� �#	 0ROPORTION OF STEPS WITH PHASE TRANSITIONS INITIATED BY
THRESHOLD CROSSING ON THE LEARNED PREDICTIONS OR BY THE BACKUP REACTION FOLLOWING A MISTAKE �N= �� STEPS	�

���� "IOLOGICAL PARALLELS
-AKING PREDICTIONS DURING A FUNCTIONAL TASK IS VERY
USEFUL AND IS COMMONLY DONE NATURALLY� &OR EXAMPLE�
DURING WALKING� THE CENTRAL NERVOUS SYSTEM IS CON
TINUOUSLY INTEGRATING SENSORY INPUT FROM CUTANEOUS
RECEPTORS ON THE FEET� STRETCH AND LOADING SENSORS IN
THE MUSCLES AND TENDONS� AS WELL AS VISUAL AND VES
TIBULAR INFORMATION TO MANEUVER THROUGH THE ENVIR
ONMENT EFFECTIVELY AND SAFELY �:EHR ET AL ����� :EHR
AND 3TEIN ����� $ONELAN AND 0EARSON ����� -ARIGOLD
����� -ATHEWS ET AL ����	� 4HESE SENSORY STREAMS CAN
BE USED TO FORM SHORTTERM PREDICTIONS THAT CAN BE
USED IN TURN TO ADAPT THE GAIT PATTERN� 5NEXPECTED
SENSORY STIMULI RESULT IN REFLEXIVE CHANGES� AND WITH
REPETITION� ADAPTATION TO THE SENSORY STIMULI OCCURS�
&OR EXAMPLE� IF AN OBSTACLE IS PLACED IN FRONT OF A CAT�S
HINDLIMB DURING THE SWING PHASE CAUSING ACTIVATION
OF CUTANEOUS RECEPTORS ON THE DORSUM OF THE PAW�
THE KNEE WILL FLEX FURTHER TO CLEAR THE OBSTACLE �-CVEA
AND 0EARSON ����	� 4HIS IS A REFLEXIVE� OR AUTOMATIC
RESPONSE TO THE SENSORY STIMULUS� WHICH IS MEDIATED
BY THE SPINAL CORD� )F THE OBSTACLE IS PRESENT FOR ��
CONTINUOUS STEPS� THE FOOT WILL BEGIN LIFTING HIGHER
DURING SWING IN ANTICIPATION OF THE OBSTACLE� 3UCH
EFFECTS� WHICH AREMEDIATED BY THE CEREBELLUM� CAN LAST
FOR MORE THAN �� H IN SOME CASES �8U ET AL ����	�
!LTHOUGH THIS IS NOT EXACTLY AN EXAMPLE OF 0AVLOVIAN
CONTROL� IT DEMONSTRATES THE USEFULNESS OF PREDICTIONS
AND HOW THEY CAN BE UTILIZED BY THE NERVOUS SYSTEM�

���� 2ELATION TO OTHER CONTROL STRATEGIES
#URRENT COMMERCIALLY AVAILABLE DEVICES FOR RESTORING
WALKING AFTER 3#)� SUCH AS THE 0ARASTEP� 0RAXIS� AND

VARIOUS EXOSKELETONS� HAVE LIMITED CONTROL OPTIONS�
4HE 0ARASTEP AND 0RAXIS SYSTEMS USE SURFACE AND
IMPLANTED FUNCTIONAL ELECTRICAL STIMULATION �&%3	
ELECTRODES� RESPECTIVELY �#HAPLIN ����� *OHNSTON ET AL
����	� 7ALKING IS ACCOMPLISHED USING OPEN LOOP
ALTERNATION BETWEEN STIMULATION OF THE QUADRICEPS
MUSCLES AND THE PERONEAL NERVE� WITH EACH STEP INI
TIATED USING PUSHBUTTONS ON A WALKER� 0OWERED EXO
SKELETONS INITIATE OPENLOOP WALKING BY THE USER LEAN
ING FORWARD �#HANG ET AL ����� %KELEM AND 'OLDFARB
����	� 4HE USERS ARE EXPECTED TO ADAPT THEIR WALKING
TO ACCOMMODATE THE CONTROL STRATEGY IN THE DEVICE� 4O
RESTORE MEANINGFUL AND FUNCTIONAL WALKING� ESPECIALLY
AFTER AN INCOMPLETE 3#)� THE CONTROL STRATEGY NEEDS
TO ADAPT TO THE USER� UTILIZE RESIDUAL FUNCTION� AND
DELIVER STIMULATION TO COMPENSATE FOR THE DEFICITS AS
NEEDED�

"OTH THE 0AVLOVIAN AND REACTIONBASED CONTROLLERS
WERE FINITE STATE CONTROLLERS� WHICH IS A CONCEPT THAT
HAS BEEN USED PREVIOUSLY TO PRODUCE WALKING IN MOD
ELS OF 3#)� &INITE STATE CONTROL HAS THE ADVANTAGE OF
INCORPORATING EXPERT KNOWLEDGE IN A STRAIGHTFORWARD
MANNER TO DEFINE THE RULES FOR WALKING �0OPOVÍC �����
3WEENEY ET AL ����	� &INITE STATE CONTROL OF SURFACE
�!NDREWS ET AL ����	 AND INTRAMUSCULAR �'UEVRE
MONT ET AL ����� -AZUREK ET AL ����	 &%3 OF THE
LEG MUSCLES USED INFORMATION FROM GROUND REACTION
FORCES AND HIP ANGLE TO CONTROL THE TRANSITION BETWEEN
THE PHASES OF THE GAIT CYCLE� 0REVIOUS CONTROLLERS FOR
)3-3 IN A MODEL OF COMPLETE 3#) USED GROUND REAC
TION FORCES AND HIP ANGLE �3AIGAL ET AL ����� (OLINSKI
ET AL ����	 OR RECORDINGS FROM THE DORSAL ROOT GANGLIA
�(OLINSKI ET AL ����	 TO TRANSITION THE HINDLIMBS

��
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THROUGH THE DIFFERENT PHASES OF THE WALKING CYCLE
�$ALRYMPLE AND -USHAHWAR ����	�

4HE CURRENT STUDY DEMONSTRATED THAT PREDICTIONS
CAN BE LEARNED TO INITIATE TRANSITIONS BETWEEN THE
PHASES OF THE GAIT CYCLE USING ONLY TWO SENSOR SIGNALS�
GROUND REACTION FORCE AND ANGULAR VELOCITY� 4HESE
SENSORS CAN EASILY BE INTEGRATED INTO A WEARABLE SYS
TEM� GYROSCOPES ARE SMALL MICROCHIPS AND FORCE SENS
ITIVE RESISTORS CAN BE PLACED IN THE SOLES OF SHOES �+IRK
WOOD ET AL ����� +OSTOV ET AL ����	� 2ECENT WORK
HAS DEMONSTRATED THAT KINEMATIC DATA CAN BE USED TO
IDENTIFY THE PHASES OF THE GAIT CYCLE DURING WALKING
�$RNACH ET AL ����	� 3WITCHED LINEAR DYNAMICAL SYS
TEMS �3,$3	 WAS USED TO MODEL THE JOINT ANGLE KIN
EMATICS IN NEUROLOGICALLY INTACT PEOPLE WALKING ON
A TREADMILL� 4HE OFFLINE 3,$3 MODELS WERE ABLE TO
LABEL THE CORRECT PHASE OF THE GAIT CYCLE WITH ��� PRE
CISION� &UTURE WORK MAY INCORPORATE MORE PORTABLE
SENSORS SUCH AS GONIOMETERS ALONG WITH ONLINE MOD
ELS TO BUILD PREDICTIONS OF GAIT PHASES�

#ONTROL STRATEGIES UTILIZING MACHINE LEARNING ARE
NEEDED FOR AUTOMATIC ADAPTATION OF STIMULATION SET
TINGS TO RESTORE WALKING� 3UPERVISED MACHINE LEARN
ING HAS BEEN USED TO CONTROL SURFACE FUNCTIONAL ELEC
TRICAL STIMULATION �&%3	 SYSTEMS IN PERSONS WITH
3#) TO TRACK JOINT ANGLES �!BBAS AND 4RIOLO �����
0OPOVÍC ET AL ����� 1I ET AL ����	� INITIATE THE SWING
PHASE �+IRKWOOD AND !NDREWS ����� +OSTOV ET AL
����� ����� 3EPULVEDA ET AL ����� 4ONG AND 'RANAT
����	� CONTROL &%3 OVER MULTIPLE JOINTS �&ISEKOVIC
AND 0OPOVIC ����	� PREDICT DIFFERENT PHASES OF THE
GAIT CYCLE IN NEUROLOGICALLYINTACT SUBJECTS �+IRKWOOD
AND !NDREWS ����� 7ILLIAMSON AND !NDREWS ����	�
AND IN FINITE CONTROL OF &%3 WALKING AFTER COMPLETE
3#) �0OPOVÍC ����	� (OWEVER� SUPERVISED LEARNING
REQUIRES MANUAL LABELLING OF DATA AND IS LIMITED BY THE
DATA SET USED FOR TRAINING� -ANY EXAMPLES WITH SUFFI
CIENT VARIABILITY ARE NEEDED IN THE TRAINING DATA SET TO
OBTAIN AN ACCURATE GENERALIZATION� )DEALLY� STIMULATION
SETTINGS WOULD BE TUNED ONCE DURING THE INITIAL SETUP
FOR EACH PERSON� AND THEREAFTER AUTOMATICALLY ADJUST
TO ANY CHANGES IN DAILY GAIT PATTERNS�

���� %XPERIMENTAL LIMITATIONS
4HE MODEL OF A HEMISECTION 3#) USED IN THIS STUDY
ENABLED THOROUGH TESTING OF THE CONTROL STRATEGIES
WHILE AVOIDING THE NEED FOR INDUCING 3#)S� )T ALLOWED
TESTING OF THE ABILITY OF THE CONTROL STRATEGIES TO AUG
MENT RESIDUAL FUNCTION IN A CONTROLLED MANNER� 4HIS
NECESSITATED VOLUNTARY CONTROL OF ONE HINDLIMB TO BE
MIMICKED BY A PERSON MOVING THE LIMB THROUGH THE
WALKING CYCLE� 4HIS WAS THE FIRST TESTING OF THESE CON
TROL STRATEGIES� AND THE OUTCOMES SERVED AS A PROOFOF
CONCEPT IMPLEMENTATION� &URTHER WORKMAY TEST THESE
CONTROL STRATEGIES IN CHRONICALLY INJURED CATS�

! HEMISECTION 3#) HAS MORE STEREOTYPIC FUNC
TIONAL DEFICITS COMPARED TO OTHER INJURIES SUCH AS
BILATERAL CONTUSION 3#)S� !LTHOUGH THESE 3#)S ARE RARE�
E�G� "ROWN3EQUARD SYNDROME �2OTH ET AL ����� 7IRZ

ET AL ����	� THE CONTROL STRATEGIES MAY BE EXTENDED
TO HEMIPLEGIA IN GENERAL� WHICH INCLUDES STROKE AND
TRAUMATIC BRAIN INJURY�

4HE THRESHOLDS FOR 0AVLOVIAN CONTROL WERE FINAL
IZED AFTER INITIAL TESTING IN EARLY EXPERIMENTS� 4HEY
WERE CHOSEN BASED ON TESTING ON PREVIOUSLY COLLEC
TED DATA FROM TREADMILL STEPPING �$ALRYMPLE ET AL
����	 AND BENCH TESTING ON THE WALKWAY WITHOUT A
CAT� -ODERATE PERFORMANCE OF WALKING WAS ACHIEVED�
HOWEVER� TRANSITIONS WERE IMPROVED WITH CHANGES
TO THE THRESHOLDS AND THE SIGNALS ON WHICH THE
THRESHOLDS WERE PLACED� )T IS IMPORTANT TO NOTE THAT
THE LEARNING PARAMETERS OF THE PREDICTIONS WERE NEVER
CHANGED AS THEY WERE CONSISTENTLY ACCURATE� !DDI
TIONALLY� ONCE THE NEW THRESHOLDS WERE SET� THEY WERE
NEVER MODIFIED THEREAFTER� 4HIS DEMONSTRATES THAT
THE INITIAL DESIGN DECISION OF WHERE TO PLACE THE
THRESHOLDS WAS IMPORTANT� BUT ONCE IT WAS FINALIZED�
NO FURTHER CHANGES WERE NECESSARY� 4HE THRESHOLDS
FOR 0AVLOVIAN CONTROL DID NOT REQUIRE TUNING FOR
DIFFERENT PEOPLE AND CATS� BECAUSE THE LEARNED PRE
DICTIONS ACCLIMATED TO THE CHANGES� (OWEVER� IT
MAY BE BENEFICIAL TO INTRODUCE ADAPTIVE THRESHOLDS
IN THE FUTURE� ESPECIALLY IF THESE STRATEGIES WERE TO
BE EMPLOYED IN MORE VARIABLE INJURY MODELS� &UR
THERMORE� THE STIMULATION AMPLITUDES AND CHANNELS
THAT PRODUCED THE FUNCTIONAL RESPONSES REMAINED
CONSTANT DURING A WALKING TRIAL� &UTURE WORK MAY
INTRODUCE A LEARNING STRATEGY THAT AIMS TO OPTIMIZE
AND ADAPT THE STIMULATION CHANNELS AND AMPLITUDES
IN ADDITION TO CURRENT STRATEGY WHICH CONTROLS THE
TIMING�

���� &UTURE CONSIDERATIONS
0AVLOVIAN CONTROL LEARNED PREDICTIONS FOR GROUND
REACTION FORCE AND ANGULAR VELOCITY SIGNALS� HOW
EVER� OTHER SENSOR SIGNALS COULD ALSO BE USED TO
PROVIDE MORE INFORMATION ABOUT THE ENVIRONMENT�
&OR EXAMPLE� MUSCLE ACTIVITY RECORDED USING %-'�
JOINT ANGLES PROVIDED BY GONIOMETERS� OR VISUAL
INFORMATION THROUGH CAMERAS OR INFRARED SENSORS
COULD ALL BE RECORDED AND USED TO ACQUIRE MORE
PREDICTIONS� 4HE ADDITION OF SENSORS �E�G� %-'�
GONIOMETERS	 COULD BE USEFUL TO RESTORE WALKING AFTER
VARIABLE INJURIES OR TO PROVIDE INFORMATION REGARDING
THEWALKING TERRAIN �VISUAL� INFRARED	 TO ADAPT THE CON
TROL STRATEGY� &OR EXAMPLE� IF A USER NEEDED TO STEP UP
A CURB� VISUAL OR INFRARED SENSORS AS WELL AS GONIOMET
ERS AND %-' ACTIVITY COULD BE USED BY A 0AVLOVIAN
CONTROLLER TO PREDICT THE CHANGE IN GAIT AND ADJUST
THE STIMULATION OUTPUT ACCORDINGLY TO FACILITATE CURB
STEPPING� !DDITIONAL SENSORS COULD ALSO BE USED TO
PROVIDE STABILITY INFORMATION SUCH AS LOSS OF BALANCE�
FATIGUE� AND THE RELIANCE ON THE UPPER BODY FOR SUP
PORT�-ORE CONTROL RULES COULD BE INCORPORATED TO PRE
DICT AND CORRECT THESE UNSAFE SITUATIONS� &URTHERMORE�
THE ADDITION OF SENSORS IS FEASIBLE IF A STATE REPRESENTA
TION METHOD SUCH AS SELECTIVE +ANERVA CODING IS USED�
AS WAS THE CASE IN THIS WORK� BECAUSE IT IS NOT AFFECTED

��
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BY THE INCREASE IN DIMENSIONS �4RAVNIK AND 0ILARSKI
����	�

0AVLOVIAN CONTROL CAN EASILY BE EXPANDED TO NEUR
OMODULATION SYSTEMS SUCH AS DEEP BRAIN STIMULATION
FOR VARIOUS CONDITIONS INCLUDING 0ARKINSON�S DISEASE
AND DEPRESSION� NEUROPROSTHETIC SYSTEMS FOR RESTORING
FUNCTION AFTER STROKE OR TRAUMATIC BRAIN INJURY� AND
EXOSKELETONS AND ARTIFICIAL LIMBS�

�� #ONCLUSION

0AVLOVIAN CONTROL OF WALKING AUGMENTED FUNCTION
IN A MODEL OF HEMISECTION 3#)� 5SING PREDICTIONS
OF SENSOR SIGNALS DURING WALKING� 0AVLOVIAN CONTROL
WAS RESILIENT TO TRANSITIONS BETWEEN DIFFERENT WALKING
STYLES� BETWEEN CAT EXPERIMENTS� AND RECOVERED FROM
MISTAKES MADE DURING WALKING�

0AVLOVIAN CONTROL OF )3-3 HAS THE POTENTIAL
TO ENHANCE AMBULATION CAPACITY GREATLY� GENERAT
ING FUNCTIONAL OVERGROUND WALKING� 6ERY IMPORT
ANTLY� WE HAVE DEMONSTRATED� FOR THE FIRST TIME� THAT
CONTROL STRATEGIES USING INTELLIGENT MACHINE LEARNING
APPROACHES SUCH AS 0AVLOVIAN CONTROL CAN REDUCE THE
BURDEN OF TUNING STIMULATION PARAMETERS FOR CON
TROLLING A NEUROPROSTHESIS� 4HIS INCREASES THE EASE
OF TRANSLATION OF INNOVATIVE NEURAL TECHNOLOGIES TO
CLINICAL SETTINGS� 4HE CONTROL STRATEGY CAN ALSO BE
EXTENDED TO OTHER INJURY MODELS AND INTERVENTIONS
SUCH AS PERIPHERAL &%3� LOWERLIMB PROSTHESES� AND
EXOSKELETONS�
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