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ARTICLEIINFO[ ABSTRACT

Keywords: Performing/ prescribed| physicall éxercises| during| home-based| tehabilitation| programs| plays[ anl importantl tole
Activitylevaluation inl tegaining[ musclel $trengthl and| improvingl balancel forl people[ Wwith| differentl physicall disabilities. However,
Activitylrecognition patientsl_attending| thesel Jprograms| arel notl able! ltol assess/ ltheir! actionl performance! linl thel absencel lof  al |
Compﬁ‘;tefgismﬂ medicall éxpert. Recently, Vision-based[ sensors_havel been[ deployed!inl thel Activityl monitoring[ lomain. Theyl |
PDE:/spicaEI:l?agbilitation arel tapablel of| tapturing| hccuratel $keleton| data.[ Furthermore,| therel havel beenl significantl Advancements| in
Skeleton(datal] Computer| Vision[ (CV)[ and[ Deepl Learning[ (DL)_ methodologies.| Thesel factorsl havel promoted| thel solutions

for[_designing Automatic patient’s_ activityl inonitoringl models.[ Then,l improvingl suchl kystems’l performancel |
tol hssist[_patients|_and| physiotherapistsl has| attractedl wide interestl bfl thel tesearch| community.[ This[ paper! |
providesl &l tomprehensivel And[ lip-to-datel literaturel teview! onl differentl stages[ ofl skeleton datal Acquisitionl |
processes_forl the[ aim[_bfl physiol kxercisel monitoring.. Then,[ thel previouslyl reported Artificial Intelligencel |
(AD[} based methodologies| forl $keleton[ datal analysis[ Wil bel teviewed. In[ particular,| featurel learning/ from
skeleton|data,[évaluation, dnd[feedbackl generation/for! thel purposel of fehabilitation/thonitoringlwill Belstudied.
Furthermore,| the[ Associated| challenges| tol thesel processes[ Wwilll bel teviewed. Finally,| thel paperl putsl forward ]
severall suggestions| forl futurel tesearchl directions inl this[ area.[ |

1. Introduction

With(thelfecentl ddvanceslin[tedicall$ciencel And| telated|technolo-
gies,[ thel elderlyl population in[ Heveloped| tountries, suchlhs[ the[ UKL
and[Australia,|is[growing.[ According/fol thel Australian| Bureaul df{ Statis-
ticsL[1],[theproportion[ofl dlderl ddultslin[ Australial (aged 65[and dver)
islpredictedfolgrowl from(15%!(3.8[thillion)(df theWhole[populationlin
2017[1o[22%l (8.8[Million)[in[2025.Moreover, according[ ol thel Office
for{ Nationall Statistics| 2], duel tol thel fecentl Advanceslin[ healthcare,]
thel populationl 6f_peoplel bverl 60Linl the[ UKL is[ increasing| from[14.9
millionl in[ 2014[ to[ 18.5 illion[in[ 2025.[ Accordingl tol Cameron and
Kurlel [3],[thel possibilityl 6fl being[ physicallyl disabled duel tol differentl ]
medicall konditions, suchl as strokel br[ Al hipl fracture,lis[ higher! forl]
olderladults.[Therefore, a[new[dhallengelislémerging[forl the[healthcare
systemsl in[ Heveloped| tountries,| $ince thel increasel inl thel hging[ tatel]
isl_hssociated| with[ thel declinel fin[ thel physicall hbility[ bfl thel aging
population.[ Therefore,[ theyl arel going[ tol makel tipl bnel of! thellargest(]
groups_bfl_peoplel participating] in[ physicall rehabilitation| programs.[]

Patients[ vith[ physicall disabilities arel tisuallyl prescribed (by| physio-
therapists| orl bccupationall therapists)| fol attend| different(fehabilitation
programs| éitherl in medicall Agencies| (hospitals)[ brl atl home.[ Eachl off |
theselhethodslofl fehabilitation[ At the[homeldr{ d[hedicall denter haslits[ ]
advantages| and(limitations. During[ thelinpatient/ fehabilitationl period,
the[ performances ofl thel patients are beingl monitored byl the éxperts,|]
and(_theyl hrel provided[ with[ prompt| feedback.[ However,| dependingl|
onl theirl performance,| thel patientsl mightl heed| tol attendl thel program
for[ Severallsessions.[ Attending| thesel programslwith[ thel supervision[off |
anl éxpertl is éxpensive,[ fime-consuming, 4nd[ fedious,| $incel it involves
transportationl andl inpatientl inedicall services.[ Therefore,| therel is[ bl
preferencel forldhajoritylof patients| for(home-basedfehabilitation[ [3].
Moreover, thelihpatient programslusuallylinclude[longlwaiting(lists[due
tolfactors[suchlas[shortagel off staffl And[long  waiting[fimel forl treatment
leadingl tol poorl healthlimprovementlinl patients[ [4].[In[ 4ddition, the
trendl 6fl home-based| tehabilitation[ hasl increased| afterl thel prolonged
COVID-19[ pandemiclin[ 2020 4ndl thel ¢losurel of fehabilitation ¢enters! |
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orltheirllimited(programs([5].[Accordingl fol Frigeriol ét[ 1. [6], thelim-
plementation[ ofl fele-rehabilitationl during[thel COVID-19[lockdown has
gained| éxcellent| satisfactionl from![thel patients’sidelandlis &l promising
toollfo[ be[ised( afterl thel pandemic.

In[Addition[ ol AllLof thel Aforementioned positive impacts dbf home-
based| rehabilitation,[it[ isLworth[ mentioningl thatl thel qualityl ofl the
rehabilitation[ program[ playsl An[ importantl tolel inl thel extentl ofl thel]
neuroplasticityl_achieved| byl thel patients[ [7].[ However,| thel lackl bff ]
feedbackland| fedioushomelsettingsl ¢an[havelaldemotivating éffect on
the[patients[inhome-based|fehabilitation[programsldnd[maylaffect! the
finalldutcomel/[i8] .@xccordingﬁb@elawﬁtﬂl.m% ,Eb@ield@ositivemesults
from[home-based| physicallfehabilitation[ programs, patient/énthusiasm
and! tontinuousl follow-upl from[ thel sidel bfl hn[ expert[ arel bssential.]
Tol follow! tipl onl thel progress[ of thel patients, thel therapists isel eb-
based| tele-rehabilitation[ programs| in[ Which,| they monitor| thel actions
and| providel dnlinel feedback.[However, duel fol severall ¢hallenges(suchl |
asl $hortagel off staff And[ lackl of time,| therel arel thallenges! in[ ensur-
ing[ konsistencyl bfl_bnlinel monitoringl [10].[Therefore,| thel heed! for
computer-aided| home-based tehabilitation[ programs| forl inexpensive
and| privatel fraining[essions[With[ dnlinel feedbacklis increasing.[These
computer-aided| therapyl sessions[ willl {itilizel thel sensors_ And humanl |
activityl analysis hlgorithmsl tol guidel thel patientsl inl performing| the
actions|_properly,_and hssist|_thel healthcarel providersl in Imonitoring
patients’decoverylstatus.[Theldpecificldiml df this| paperlisltolinvestigate
different dutomatic[humanldctivityldnalysis[techniqueslin[thelliterature
forl_monitoringl home-based! rehabilitationl kxercises, and[ tol lexplore
thel ¢hallenges| And[limitationsl 6fl Suchl techniques| forl further tesearchl ]
recommendations.[]

Inlgeneral,[lumanlactivityldnalysis|is[dneldf the[hostlimportant dnd
challenging| areas/in[ AL It involvesl dnalyzingl human[bodyl movements
based bnl thel motionsl bfl_different bodyl joints,[ kkeleton, and[ mus-
cles[[11].[Based[on[the ¢omplexitylof thel dction,|theselhovements ¢an
belinterpreted|as|differentl gestures, human-humanlinteractions, group
actions,_hnd[ behaviors[ [12].[Analyzing[ thesel hctivities[ tan provide
usefullinformation(dbout/the[personalityldflindividuals,their[physiolog-
icalldnd| psychologicalstates, dnd[possibly(theirl fargets/andintentions.
Recently, therelis(d growing[interest/in[developingldndlisingldutomatic
humanl Activityl Analysis( $ystems,[ whichl ¢anl Assistl éxperts[in[ different/|
tasks(for__health-care[ [13,14], surveillancelin publicl places [15,16],
and[ developing[ driver-less[ $ystemsl [17,18]._ However,  developing[ anl|
effectivel Systeml forl humanl hctivityl Analysisl highlyl dependslon[ how(]
accuratel arel thel motionl tracking,| datal pre-processing, tepresentation
learning,ldnd(évaluation[techniques([111].[Therefore,[Whilelooking[for(d
problem|definition[forldctivityldnalysis,[fourl hain(questions|drise: 1Q1:
Whatlisl thel task[ that! ivel arel targetingl in[ human[ Activityl Analysis?”,[]
«Q2: What[_arel the[ actions_hnd[ inputl_modalities( for| hn[_hutomated!]
system?”,[*Q3:[What[_arel thel hutomaticl learning[ strategies[ that[ ivel]
canl konsiderl forl thel problem?”,[ and[{*Q4:[What[ arel thel evaluation[]
techniques!for(the[performanceldfldn/dutomated(dystem?”.[ Anldverview
of thesel questions s &l pipeline  off this/ study!follows:

Q1:[Human[ hctivityl analysisl kncompasses| keverall generall tasks,
suchlas/Humanl Activity{ Recognition[ (HAR), Human[ Activity Detection
(HAD),[HurnanDﬁctivityD’rediction[{HAP),Bind[ﬁnallyj—lumanjﬁctiv—
ityl Evaluation| {orl_hssessment)| (HAE). Onel bf| thel popular! fieldsl of
studyl isl thel traditional(HAR[ problem,[hichl involvesl actionl ¢lassifi-
cation,[ based onl & developed| ystem| that/ tanl assignl tlassl labels! tol |
differentl_hction[ tategories,| based[ bn[ thel Uifferentl inputl modalities.
HAR has| beenl Widelyl éxplored| byl tesearchers in[ Various domains bf
healthcarel[19,201,[driverless[dars[[21],[surveillanceldystemsfor[publicl |
areas/home/organizations| [22],[ smart home/cityl [23-25], ktc. HAD[|
aimsl tol assign[ startingl And[ endingl points| {labels)[ tol thel performed!]
actions.[ Assigningl thesel points| tol An[ {intrimmed| Videol hasl Attracted!
muchldttention[due/tolits/deal-world(applications|in[ detectingldnd/man-
agingl Abnormall dangerous| Situationslinl frafficl drl public [26,27]1.[HAP
refers[fol developingl Al model which[ éanl predict/ futurel actions {states)
of [ series of Actions based[ énl the previous| incompletel bbservations.[|
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Predicting(thelnext/states/of hanylreal-world(dctions/dnd[behaviors/dan
prevent/hazardous|dituations, such(ds|dareless/driving, terrorist/attacks,
orl évenl falll predictionlinl thel daily[living{ ofl élderlyl peoplel [11,28,29].
Finally, in[ ¢ontrast| tol all of thel tasks mentioned| Above,l HAE aims! tol |
assess! thel performed| Actions byl individuals| based| onl $omel teferencel |
correctdctionsland[providel sSomelfeedback (such(dslscores) folimprove
thelqualityl[ofitheldctions.[AccordingltolLeilét[dl.[[11], this[field df studyl |
has[ begunl tol attractl manyl tesearchersl in thel communityl becausel bf
itsl important! real-world[ applications, suchl as[ $killl training[ for[ differ-
entléxpertisel learners[[30,31],[$portsactivityl assessment| [32,33],[and[]
physicalldctivityldehabilitation[[34,35].[In[drder{toldreate[dn[dutomatic
physicall activityl monitoringl ystem[_for[_al rehabilitation[ period,| thel
HAELis the mostl important| énel tol bel ¢onsidered. in[ 6ther{ Words, anl]
idealldutomaticlmonitoringl devicelmust[be[able tol évaluatel theldction
properlyl Andl then[ providel feedbackl on[ howl thel Action tan[bel morel ]
accuratelyl performed.

Q2:[Aslmentioned[ above, human| notion[ analysis hasl multiple[ 4p-
plications_which[ includel differentl freal-worldl kituations. Dependingl ]
onl whichl real-world[ problem[ we[ aim[ tol kolvel byl motionl tracking
and|analysis,| thelindividuals[perform[different{dctivities, fanging[ from
simplel dailyl actions| tol complex|_hndl $pecificl Actionsl (suchl asl ports
activity[hndDrehaprrescriptions).DAccording]toDYadavDetDal. 361,
dependingl bnl the[ tomplexity[ bf the[ hction[ and[ hpplication el arel]
aiming,/theldutomatic/human/dctionldnalysislsystems[usuallylneed(large
datasets| ¢ontaining| different/ tiseful modalities, Whichl dim[fo[fepresent
theH)erformed}ctionanEtheD)estBNay.D\ccordingﬂoﬂ&un[ét@al. [f371,
humanl( actions/ tan[ bel fepresented! tising[ severall inodalities| suchl asl |
vision-based (RGB[¥ideos/images, depth[¥ideos/images, skeleton/joint
datalsequences,InfraRed[(IR)(sequences)[[28,38],[Wearable-based[[39],
radar-based[ [40,41],[dudio-based[ [42],[and[Wifi-based  [43].[With[the
widelVarietyland(accessibilityl of thelsensors| forl dapturing[theselthodal-
itieslin[ thel pastl decade,| thel investigations bnl designingl Automaticl ]
HAR/[ HAEI $ystems| based| onl thesel datal arel growingl [37].[ However,
allloff thesel modalities| tapturel ¥rariouslinformation[ Aboutl_hn[ Action.[]
Therefore, theylhaveldifferent/levels(of strengths/dnd(limitations,[which[ |
arelillustrated_inl Fig.[ 1.[fThe[ mostl important Factors whichl khould[]
bel considered whilel kelectingl A modalityl forl kapturingl hctions| arel |
thel$ensor’sl ¢ost, appropriatel tesolutionl dlependingl onl thel dpplication
and| thel targetl activity, privacy-preserving,[ Visuallinterpretability, and
robustness/ fowardslany/¢hangeslin the datal ¢ollection ¢onditions.

Comparing[ differentl techniquesl lof datal collection[ lin [Fig.| 1/ il-
lustrates|_thel fact thatl thel $keleton/joint modality,[ whichl includesl &[]
sequencel bfl thel toordinates 6fl human[ body!joints, might bel the best
optionl_considering[ alll bf| thel factors.[Skeletal datal hasl Hrawn[ nuch
attentionl for{ the[ task[lof_humanl_activityl recognition[ byl manyl fre-
searchers| [44-46],[becausel ofl ¢ertain(ddvantages| thatlit has ¢ompared
tol dther{methods.[Accordingl fol $hil ét[al.[[44],[Skeleton-based[ Activityl ]
recognition[ stands[ but! from[ thel test_ofl thel ¥sision-based| tecognition
methods| becausel it $hows[ tobustness| towards| ¢hangesin[ bodyl scales,
speed bfl_the[ performed[ Activity,[ cameral viewpoints,[ and[ thel inter-
ferencel bfl backgrounds.[ This modalityl preserves| visiblel informationl
somehow, however,Lit[is| hn[ hffordablel privacy-preservingl technique
tol ¢apturel important{$tructural bodyl motionlinformation. Considering
thel hforementioned| hdvantages,[ this| ktudyl specificallyl aims[ tol Hivel
deeplintol differentl ¢apturinglfechniques forskeletal datal dnd[previous
studiesltitilizing[this/modality.

Q3:[Onel bfl thel nost important! thallenges! in[ thel human motion
analysis[pipelinelis(how(toldeveloplaldysteml[that/hasld[dobust/fepresen-
tation/featurellearning framework.[Thel performancel ofl dnylautomatic
recognition[ hnd[ evaluation[ modellhighlyl depends[ bn[ thel quality[ bfl ]
features| éxtracted|that/ tepresent| thel datal [47].[Therelare[twol generall |
approaches! forl_datal representation[ and| featurel learning,[i.e.[ hand-
crafted features[ learning, and[ automaticl feature[ learningl using[ IDL[]
techniques([48].[Someldfithelpopularmethods/forlclassicalHand-crafted
featurel éxtraction(are[based( dn[different[hodalities ofl depth,[RGB,[and
skeletonl data.[Forl éxample, Depth[ Motion Mapl (DMM),[ Histogram/[ ofl ]
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Fig. 1. Strengthland|limitations of different  Vision-basedl andl hon-vision-based modalities in[ human[ actionl nalysis.| ]

Gradients[(HoG), and[Tocall binary features[ [49][ ¢an[bel éxtractedfrom
depthldata.[In[dtherlstudies/ donducted by Xialét(a1.[[501,[3D[Histogram
ofl Oriented! Displacement[ (HOD)[ and[ Accumulationl 6fl Motion Energy
(AME)L arel éxtracted| asl actionl features| from[ the[ skeleton[ data.[ Using
the[handcraftedfeatures/fechniques(forldatalfepresentation/thight/need
expert’s__knowledgel b specific algorithms| for[ kachl problem,[ whichl]
mightllead tis| tolless| generalizationl in[ Variousl problems.  Thisl means |
that{ byl hisingl &l Specificl dlgorithml forl éxtracting features[in[ 4l $pecific
modalitylfor[alSpecific[ problem,[youlinaylhot[ bel ablel tol lisel the[ame
pipelinelforl dnother! problem.Motivated(by!the successful performance
results[df(theliseldfl DLItechniqueslin[¥arious/studies [51,52] [ this[paper! |
willlmostlyl investigatel differentl btudies Which[ lised( this{ method[ forl]
skeletonl datal in[ thel past fen[years.

Q4:[Finally, thelévaluationlfechniquesland[ ¢riterialin[the  twol fasks
of HAR/dndHAEdiffer/from(dach(dther, since/theyldddress[twoldifferent
problems| bfl tlassification[ hnd[ regression, respectively.liTol thel best[]
of_ourl knowledge,[ previousl studieslin[ the[ Vision-based! tehabilitation
fieldl tarelyl éxplored| different évaluationl methods forl HAE problems.
Therefore, throughout! this/ $tudy, Wwel Will éxplore! different évaluation
techniques,[and[éxaminel their[ ¢hallenges, advantages, and(limitations.

Exploring[ thesel four fundamentall questions| forl thel probleml bfl du-
tomatic[physical(fehabilitation monitoring|dreatesalWorkflow{whichlis
illustratedin(Fig. 2.[Examining/éachlpart/dfithis[pipeline[Helps[is(tolfindl |

existing/ ¢hallengesland(limitations[in(theTiterature, and[fhen[ find[pos-
siblesolutions|for/dddressing[them. In[the/dataldcquisition/stage,[sensor
selection,| éthics[ tonsiderations, activityl3election, dnd éxperimentl de-
signl are thel mostl important| tasks| tol perform.[ After| datal tollection,[]
modalityl capturingl and[ actionl labeling[ arel thel challengingl stages.
Next,[thelfesearchers/shouldldesignlthelproper!dlassification/regression
modellbased dn(the HAE/HAR/ problem./Finally, thelévaluation[tetrics
and(methods| forl thel designed| system[should[bel ¢onsidered| fol produce
accuratel results.[ This| paperl isl brganized| based| onl éxploring| different
solutionsl ol thesel fourl questions andl thel wayl different( felated papers
address| this[workflow.[]

Thel remainderl_bfl_thisl paperlisl_brganized[ hs[ follows:[ Section[ 2!
clarifiesthe[hethodologylforlthis/literaturelreviewlandlits/dontributions
compared| tol bther! telated[surveyl papers.[In[ Section[ 3, wel discuss| thel ]
typesloflimpairments[and|thelfargetl bodyl partslfor| different/tehabilita-
tion[éxercises| prescribed( byl the[medicall éxperts.[Section[4/investigatesl |
thelrelated[challengesldf dataldollection.[Section[ 5 explores/thelthethods
forl ¢apturing[ skeletonl datal throughl $ensingl hardware.[ Sectionl 6 pro-
vides[al ¢omparativel analysis of different publicl datasets and(discusses
theirl limitationsl Andl $trengths.[ $Section 7! provides|informationl off thel |
Al-based[methodsl for[fepresentation[Tearning[onl the[skeletonldata and
howl thesel models| canl bel bvaluated.[ Section[ B/ provides information[ ]
onl how[ bther{ btudies| kvaluated| the[ hctivities hnd[ annotated| them.[]
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Fig. 2. Designinglalhumanl activityl analysis $ystem[ for automaticallyl monitoring[ physicall fehabilitationl follows! this framework! from[left tol tight.[]

Section[9/ provides(a(briefl discussion[6f the¢urrentldhallenges(detected
inthelliterature.[Finally, Section[1 0l concludes| thel paper.[]

2. Methodology of the review and its contributions

Inlthe(last decade,[deverallsurveys/and/literaturel feviews havel been
published,[diming[toldeviewlgenerallylthe[¥ision-based|studieslforl duto-
matic[physicalldctivityldecognition[dndlévaluation[for(the[fehabilitation
period.[However,  éachlofl them| sSummarizes| different $copes df Studies
and| their limitations.[ In[ 2004,  Zhoul et al.[ [53][ discussed! different! |
visuall orl hon-visuall humanl notion fracking( sensors| forl fehabilitation[ ]
exercisesland/dompared|these/technologies. However, this/study(fails(to
discusslany Al-basedl algorithmsl| forl developingl automatic[ tecognition
and_hssessment|_methods.In[ 2014, Webster[_et[al..[54] DnvestigatedD
the[ applications bfl Microsoftl Kinect! sensorslinl[ elderlyl care, strokel ]
rehabilitation,| falll detection,l And[ Kinect-based[ gaming.[ Inl the study
conducted[ byl Dal Gamal et[_al.[ [55],[ thel Authors[ inostlyl focused[ bnl]
providingld[formulation[df honitoring[the[progresslin/the[dehabilitation
using[ various|_techniquesl suchl_asl_angle[ flexion,[ euclidean distance, |
etc.B—Iowever,&ccordingﬂoﬁ)ebnath[&t&l. L{56],[bothLbfl thel previous
studies[ Which[ eitherl $tudyl thel tecognitionl (prediction) brl évaluationl ]
techniques(for(fehabilitation, haveldlclinical perspectivelforlévaluation.
Tolsolvelthis[problem,[Sathyanarayanal ét[al. [57][discussed! the[ vision-
based| algorithmsl| from! thel ¢computer{Vision| perspectivel forl évaluation.
Inla[tecentl$tudy, Ahadl et al.[[58][provided Al short teviewl of ision-
based[ action[ inderstanding/ for[ hpplicationsl in[ assistivel healthcare.]
Theylinvestigated| generall Vision-based $ensors  (such(asl Viconl opticall ]
tracking($ystem[ And[ depthl sensors) and[ énvironmentall$cenarios(such
asllighting[ donditions dnd[background!settings) for! datal ¢ollection, the
challenges! 4head| off thesel datal ¢ollectionl scenarios, andl $omel bench-
markl datasets. However,| this[ work[ lacks[informationl About! furtherl
technicall methodsl forl tepresentation learning[ (such[ asl different. DLL]
techniques,[ Wwhichl tanl bel utilized forl this purpose)l andl evaluationl]
methodsl for kcoring[ thel hctivities. Thel latest{ literaturel reviewl forl]
computerl_Vision-based[ algorithms| forl kehabilitation[ and[ hssessmentl |
is tonducted| in[ [56].[This[ paperl Hiscusses| a widel tangel bfl generall |
vision-based! techniquesl forl éitherl tecognizing| or Assessingl fehabilita-
tion éxercises.[ However, duel fol thel generalityl of this study, this paper
reviews/thelprevious/studieslin[thelfield Withoutldovering[thelimportant
materialsl Suchl sl thel $ignificancel dnd[limitationsl off differentl sensors, /]
techniques, and[ scenarios| forl atal tollection.[ Thel possiblel physical
rehabilitationléxercises/were(not/discussed(dlsolds[dlguidelinel for future
work.[In[dddition,[therelis[Veryllimiteddiscussion dn[how!differentl AI-
based methods[dndévaluationltechniquesldanlimprovelthelperformance
and[ feedbackl responses|_in[ thel bystem.[ Tol solvel alll bfl thesel issues! |
thisl paperl tovers_al Widel tangel bfl studiesl bpecificl tol Skeleton-based!]
activityl assessment! for rehabilitation| problem.[ This| $tudyl ¢ontributes
thefollowing:[ |

« This paper{domprehensivelylfeviews! theskeleton-based[datal ¢ol-
lection[ procedureslin(telation[ fol thelsensorl andl physicall dctivity
selection.[Different/dhallenges|for[proper{dataldollectionlare[iden-
tified_dnd[ the[ limitationsLofl thel previousl felated[publicldatasets
arel discussed.[

This(studyl specificallyl aims{fol providel dnltip-to-datel andlholistic
literature[feviewl dnl the[ Al-based(skeleton[ datal analysis/tethods
for[thel physicallfehabilitation problem.[Tol the[best dfl dburknowl-
edge, | thisl is thel first time[ &l studyl hasl been[ conducted bnl thel]
strengthland| thel gapsl of HAE[inethods| provided|for this[$pecific
problem[Which[paves| the[ pathlfor further! studies.[]

Thel évaluation| fechniques| arel comprehensivelyl éxplored( for (1)
generalldutomaticlscoringldystemsldnd| (2)[ part-based|dssessment
forl éachlactivity.[Furthermore, thel gaps and[limitations[ofl those
methods| arel discussed.[ This[ addsl tol thel hovelty| of! thisl paper
compared|fol thel previouslyl ¢onductedliterature[deview| papers._|

Thistudylincludesl al $ystematicl literaturel feviewl and| it éncompassesl |
thel most| recent studies. (between[ 2011[ and[ 2022), telated| tol devel-
oping[Al-based| fechnologies| forl dutomaticl physicall activityl évaluationl |
onl rehabilitation.[ Thel Preferred Reportingl Items| forl Systematicl Re-
views[and[Meta-Analysis[(PRISMA)[[59]([dhecklist{is[utilized ol donductl]
thel Step-by-stepl tesearch[ nethodology. inl thelidentification[ $tagel 4n[]
appropriatel kearchl forl_hrticles|_hasl beenl performed| throughl Google
Scholar,[ Scopus,[And[ $ciencel Direct, PubMed| databasesl Aslillustrated[]
inFig.| 8.[Based[ bnl thel tesearchl questionl of building[ $keleton-based! ]
automaticl humanl ctivity[ évaluationl systemsl forl fehabilitation| prob-
lems,[Welutilized Boolean(dearchlstrings[suchas Activity[Recognition”,
“Skeleton-based[ hctivity[ assessment”,[ FHuman[ activityl levaluation”,[]
“Kinect| $ensors”,[ and ¥Rehabilitation”l in differentl combinations. Forl]
example, When[{ising thel Sciencel Directl databasel for[ Al tombinationl
of ¥Skeleton-based[ activity[ assessment| for{ tehabilitation”, the humber
ofl tetrieved| articles| Wwas 1439.[Thel humberl 6f articles| tetrieved| froml ]
Googlel $cholar,[ Sciencel Direct,[ $copus,l dnd[ PubMed| arel 6012,2312,[1
1273,[dnd[1310,[despectively.[Toldvoidlduplication[dmonglallldf thelde-
trieved(10907(drticles, Mendeleylsoftwarelwasitilizeddndlthislfesulted
in(thelfinal 6091[drticles.Tn/the[next/stage,/thelarticles[Werelscreenedlto
omit(thelinrelated(studies/toltheldontent(df the[desearchlquestion Based! |
onl $everall conditions.[ Forl this[ btep,| titles, Abstracts,  languagel {only
Englishlis[included), humberl ofl ¢itations, and(journall (orl conference)
quality[ Werel onsidered Whichlled[tol onlyl 942[ papers. Tol theck the
eligibility forlinclusion, full fexts[df tecords werelscreened andldeveral
records_ werel éxcluded| duel tol theirlirrelevancel tol thel Aim[ and[scope
of_this[ teview[ paper, duplicated information| from[ Another| teviewed
literature,[ and(1ackl off detailed[ discussionl andl évaluation.[Tol double-
checkl thel precisionl off this[ Search,[ 4 $oftware! talled Publish-or-Perishl ]
(PoP)[iwasl lised. 1t providesl &l $pecificl searchl bn specified keywords
which[results[in[limited,[But[thorelfelated(dearchlresults.[Finally, the[32
most|felated| papers| fol thelScopel off this/ studylincludingldtudies|felated! ]
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Fig. 3. Thelretrieval methodologyl tised|for! finding, evaluating, and includingl thel telated  articlesinl this teview. ]

tolprevious(literature[deviews[53-58],[datasets[((Table3),[dnd[Al-based[]
methodologies ((Tablel 4),Werelfetrieved andlincludedlin[ thel teview.]
Itlis[Worthl mentioning that! bnelteviewlstudyl from[2008[[53][is[added
tol thisl paper! because of thelimportancel of thel paper! fol thel ¢oherence
of thisdystematic[deview.[ ]

3. Rehabilitation and physical exercises

Physicall Hisabilityl and[ impairment[_arel defined| hs limitationsl in[]
thelindividual’slphysical functionality,[tnobility, ot sStaminal which[¢an
bel temporaryl brl permanent! forl thellongl term[ And[ hinderl them| from
dailyl hormall activities| [60]. In[ general,[ physicall disabilities! includel |
activity,_mobility, ¥isual,_or__huditory[impairments, br{_thronic pains[]
causingl difficultylin[ functioning.[ Theyl tnayl dccurl (especiallylinl blderl ]

individuals) duetoldifferenteurologicall donditions/such(ds(strokeldnd
Parkinson’s| tliseasel brl differentl injuries[ suchl as[ $pinall tordinjuries, ]
brain[injuries,[ Andlhipl fractures.[To be[$pecific, the[physical impair-
ments|_canl bel categorized| intol twol generall groups: musculoskeletall ]
andlheuromusculoskeletal [61]; nusculoskeletall disabilities  affect the
joint,[dkeleton,[dnd[muscle[thovements|directlyldueltol different(feasons
such[ as[ backl_andl heck[ pain,|_bsteoarthritis,_and[ bonel fracturesl hnd
injuries.[Thelneuromusculoskeletall grouplincludeslimpairments/¢aused
bylheurologicalldonditions[suchlas[stroke, derebral[palsy, poliomyelitis,
spinall kord/brain[ linjuries, and[ Parkinson’s disease.  Thesel typesl ofl |
disorders| affect] thel hervous! systeml Wwhichl tontrols thel muscles| and
bonesland| theirl interaction[ Withl thel brain[ [62].[Fig. 4l illustrates| that[|
theseldisabilitiesimightldccurlin[bothlipper{andlowerllimbsWhich[are
divided byl thelhipljoint[[63].[]
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Fig. 4. Thel32/bodyljoints/and skeletons| fromboth[tipperllimbland[lowerllimbl¢aptured
byl Azurel Kinect.']

Tol overcomel thel ¢hallengesl off different impairments| inl dailyllife,
physicall tehabilitation programs are[ provided| byl thel healthcarel sys-
tems|in[thostdeveloped(dountries. Thelrolelof dehabilitation[programslis
tolimprovel the[ physicall functionalityl ofl femporaryl ¢asesl ofl disabilities
and[ tol define[ a heed[ and[ tarel toutinel forl permanentl typesl bf dis-
abilities.[ Along[ with[ pharmacologicall freatments[ tnost{ ofl thel physical
rehabilitation[ programsl encompass|_differentl physicall exercisel thera-
pies. which[ Aim[ tol preparel patients[ with[ disabilities| for[ hormall daily
activities.[These éxerciseslmaylBel prescribed[byltheléxpert[tool /weight-
freel brlwith[ thelisel bf therabandsl orl weights,[ based onl the heed andl ]
facilities_ off thel patientsl and[ thel typel 6fl impairments.[The[ healthcare
providerlfeam[usuallylmonitors(the[physicallactivities(based(dn[deveral
scoringl and[évaluation| questionnaires/andl methodsl [64-66].

There! is[ &l Vvastl setl ofl exercises! forl thel purposel ofl physical teha-
bilitation. However, somel bfl thesel exercisesl arel more commonl andl]
suitablel forl thel purposel bfl datal tollection! for[ developingl al Vision-
based HAR/HAEIsystem. Theseldctionsldan[Bel performed[withoutliising
anyltools/and(Wweights[and(theyl arel visually iinderstandable[for{ further
recognition| And evaluation.[ Tablel i illustrates| 5omel ofl thel physical
activities,(target/disability, dnd/targetBody(parts.[The/first[6léxercises[in
theltablel arel fargeting{ ipperllimblandl thel hext 4 o them| Arel forl Tower
limblimpairments. Tt[is[orth{ientioning| thatl Some of thesel éxercises| |
arel targeting[ generall impairments,[ Which[ means thatl theyl Arel most[]
commonlin{ anyl fehabilitationl program, | fegardless| of  thel impairment.
This(teans| fhatl dreating[datasets[tising[thesel dxercises/isimore helpful
forldreating/algeneralized/automatic/HAR /HAE system.[In[dddition, the
datasetsiwhich[have[Been|dreated/targetingBothlipperldndlower{limbs,
arel ¢onsidering/tore different( skeletonsl dnd[fuscles which(Teads fol 4
generalized| dataset.

Thelfigures| ofl thel Actionslillustratedlin[ Tablel 1l arel perfectlyl inter-
pretablel for! gesturel description. $everall éxercises arel forl thel fehabili-
tation[ ofl thel impaired[ipper[limb.[ As[ anl éxample, éIbow! flexion[and[]
extension| consist of moving[ thel elbowl joint,[ startingl from/ &l $traight
elbowltol Al bentl bne.[Shoulder! flexionlis_ moving[ thel $houlder[ Whilel ]
keepingl thel hrm[ straight{ in[ front bfl thel body.  Shoulder[ aAbduction
consists o the[ movementl ofl thel arm[faised dwayl from! thel body’s[side
whilelkeepingl it straight.[Tol perform[$houlder forward[ élevation| the
participant/needsltol dlaplthelhands/fogetherldndlift theldrms[ iipldbove
theheadWhile[Reepingldrms(dnd élbowslstraight.[Shoulder|éxtensionlis[ |
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anotherl exerciselstarting/ the[arm[besidelthe[Bodyldnd(finishing behind
the[bodylWhile keeping[ the posture[straight.

Some! éxercises_arel prescribed! forl thel improvement[ 6f mobilitylin
the[lowerl limb.[ Forl example, thel sidel taplis &l wayl to improvel the
balancelin[the[body[Byltraining(thelpatient/folmovelonellegltoltheldther
sidel bfl thel body,[While[maintaining[ the[balance.[ Thel description[and
guidancel of| thel physicall éxercisesl And| theirl targeted| typel 6f_ impair-
ments_ havel beenl éxplored[4nd[ nentionedin| detaillin[ 4l Website[ [671,
whichlisldeveloped and(gathered Byla[largelteam[df physiotherapistslin
Sydney,[Australial [68].

Rehabilitationperiod éxercises/dan/beldonducted|ditherlin/d[medical
cliniclor hospitall With[ thel direct Supervision ofl 4 healthcarel provider,
orlin[dhome-based|situation,[Wherethelpatients/perform(the[prescribed
actions__inl thel home.[ There[ arel severall factors| contributing/ tol thel
failurel of ¢linic-based programslinl providingl fulll orl partiall tecoveryl ]
forl patients.| Thel expensivel treatments,| lackl bfl Joungl Wworkforcel As-
sistingl in thesel programs,| transportation[ problems,| thel tomfortable
situation! 6f home-based| rehabilitationl forl Somel 6lder! adults,  and| oc-
curring[pandemics/duchlds[COVID-19hindermanyldisabledlindividuals
froml ¢ontinuingl tol attend| thesel programs. Inl thel ¢asel of home-based! |
rehabilitationl exercises, mostl of thel patients arel honcompliantl Wwith[]
thel prescribed[ hctivities| tuel tol thel lack[ bfl_activityl monitoringl and[]
feedbackl [58].[ With[ thel advent| bfl computerl ¥ision[ systems[ And[ AIl ]
techniques,[Which(leads/fol Automatic/dehabilitation period(tonitoring,
theldhallenges| of fraditionalldlinic-based(dnd[home-based(fehabilitation
programs| danbel dvercome.[Telerehabilitation[ with[al good[strategyl for
choosingl datal inodality,[ Vision-based| $ensor,  and[ Al-based| techniques! |
canl hssist[thel medicall sectorl in monitoring[ the[ rehabilitation[ and!
progress bfl_patients.[In[ thel hext[ section,l el discuss! thel challenges! ]
that{ skeletonl datal ¢an[ bvercomel ¢ompared| ol dtherl Vision-based! datal |
collection[ tethods,  And[ Why! thislmodalityl isl preferablel ¢ompared| to
other[Vision-based modalities.[]

4. Challenges of data collection

Whilel thel interest[ bff researchersl inl treating[ Vision-based[ public
datasetsl forl patient| dction[tecognitionand évaluationhas skyrocketed
in[ previous| years, therel arel $everall technicall and[ ethicallissues that!]
need| tol bel ¢onsidered beforel ¢reatingl 4l $cenariol forl thel talibrations. |
Theselissues ightl hinder! thel dataset! from[ being[ accuratel andl gener-
alized forl furtherl technical tesearchl And| evaluationl onl them.[In| this[ ]
section,|weldrel going[tolbrieflyl discuss| thesel ¢hallengesland|difficulties
ofl Vision-based| datasets,l and_howl skeleton modalityl can[ bel &l good
substitutel forl alll btherl Yision-based modalities! byl ameliorating $omel ]
ofl thel limitations.[ Somel bf| thel challenges|_arel generall for[ anyl data
collection| felated! ol thisl domain, $omel bfl them[ arel $pecificl fol Vision-
based[_methods,[ and[ somel bfl them[ are being[ solved[ byl sing thel |
skeleton[datal asthel tnodality.

Privacyl preserving: Even[ though! thel ¥ision-based_imodalities arel]
favorablel for[ theirl highlyl informativel featuresl and[ being[ captured[]
in[ Al hon-intrusivel manner,[ theyl tanl createlissues tegardingl privacy
preservation.[ Specifically,[ thel RGB And[ Hepth[ images/videos| tontain
confidentiallfacelinformation, Which[dreates[deluctancelforlthelindivid-
ualsl tol participatel in[ thel datal tollection.[ This[ information[ $hould[ bel]
confidentialised ising[ $omel face-blurringlalgorithmsl tol Avoid[ thel tisk
of identifying,[Whichlddds[dnother(stepltolthelpreprocessing[phase. This
issuel ¢reates al ¢hallengel forl datasetl Availabilityl forl datal formats[Such
aslRGBldata.[However,1ising[hodalities suchlas[skeletonldatalis[highly
privacy-preservingl becauselit{justl ¢ontains/ information[like[ bodyjoint
positionsl Whichldannot! beltised(for identifying[ thel participants.

Ethicallintegritylandlintellectual(propertyltights:[Anotherlimportant
issuelthat/shouldBeldonsidered/in[dny!typeldfidataldollection(is/preserv-
ing[theléthicallintegrity(dfthe[procedure.[According[to[Faccalet[dl.[[[75],
using/ digitall Sensing[fechnologies| forl ¢ollecting datal dn[ health-related
subjectslis[¢hallenging.[Theseladditionall ¢hallenges ¢ompared| fol dther
HAR/HAE! datal ¢ollections| driginated| from! thel fact{ thatl the procedurel |
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Table 1

Computers in Biology and Medicine 158 (2023) 106835

List_ ofl éxercises| prescribed| by éxperts|inl tehabilitation| programs.[Thel figures| arel éxtracted froml[$everall tesources  [67,69,70].]

Gesturel Visuall description] Gesture Name/ |

Targetl impairment( |

Elbowl flexion[ and| extensionl {711

General/! Spinall ¢ord| injury!

Shoulder! Flexion[ [71][]

General/[ Spinall tord injuryl |

Shoulder[ Abduction[ [69,71][] Generall
Shoulder! Forward( Elevation[ [71][] General|
Shoulder! Extension [69][] Generall|
Shoulder! internall totator! With theraband  [69][] Spinall ¢ordlinjuryl]

Standingl ipl and|sitting[ downl [72](]

General/[ Impaired| balancel forl élderlyl |

Walking[ onl staircasel [73][]

General/[ Impaired| balancel forl elderly! ]

Deeplsquat[[69,74][]

Generall|

Steppingl tol targets(sidel tap) [71][]

Impaired| balance! for elderly/[lower! limb
incomplete Tetraplegial |

includes| teal-lifel patientsl and[ Hisabled people, which[is[ &l kensitivel]
group. Inl orderl ol iitilizel patients inl thel process,[ thel datal &ollection
procedurel heedsl morel éthicall screeningl froml thel different! brganiza-
tionsLincludingl thel hospital.[This[_canl alsol taisel problems| telated tol |
intellectuall propertyl tights| forl different| brganizations andl hospitals.
Thisl probleml is[ tisuallyl $olved byl éngagingl healthyl participants and
asking[them(tolperform/the dorrect/activityland|then[thimicking[thelpa-
tients[performing/thelsameldctionlfor(theldataldollection[58].[Althoughl |

thel tollected| datal isl hotl &s| tealisticl asl thel previousl methodology, it
is_enoughl for[ developingl differentl Al methods[ and[ kvaluatingl their
performance.

Dataset! Diversity:[ Thislissue should[beldonsidered beforeldollecting
thel data, inl brderl tol ereatel generalized| datal tontaining| participants
withldifferent{genders,[dges, dlothes,[physicallstamina,[dnd(ability[[58].
Theldatal dollectionshould[Bel performed|in/thultiplel épisodes| drfepeti-
tions,[for multiple[ dctions, dnl different! days[and(situations,[¢ontainingl |
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subjectsl from[ Various( groups ivhichl is_ 4l challengingl taskl tol bel per-
formed[ byl &l singlel team[ bfl tesearchersl and[ heeds! tol bel performed!]
in[ $everall hospitals_And_institutions_in[ parallel._This_tan[lead[ tol thel[l
ethicallissues mentioned above,  becausel off thel Sensitivity of thel data.
Thisldhallenge might(bel dnel df the majorlfeasons(forl theTack ofl public
diverseldatasets[for{ physicalldctivityldecognitionlin[fehabilitation. Most
of__thel public| datasets for| this| field_ mentionedlin[ 8ection[ 2.4[ ¢ontainl ]
allimited humberl off tepetitions,[ubjects,[ 4nd[ generall diversityl ofl the
data.[However,[NTU-RGBDDataset! [46][is onelof the[most diverseland
popularl generall Action[ fecognitionl datasets.[ This[ dataset| tontains 60
classesl ofl single-personl actionsl (suchlas[ drinking{ water, fallingl down)
and[ two-person[_ctions| {suchl 4s hugging, Walking towards, orl high-
five),[daptured(from[40[participants.[Allargeldumber(df participants/dnd
actions/Belps(this/dataset(toldontainldiverselsamples/with[High[dumbers.
In(another/studyldonductedbylresearchers/in OsakaUniversity 1761 for
gait{fecognition,| gait[videos 6 10,307[3ubjects| (al balanced[humberl of
males[and/femalesWith Variousldges, dfanging[from[2[fol87[years)[vere
collected [77].

Ambiancel talibration:[Thel Variationslin thel Ambiancel off thel én-
vironment! kelected| forl_performing| action[_hugelyl hffect[ thel lquality
and| diversityl bfl thel data.[ Thel Actions| ¢an[ bel performed!inl different
indoor/outdoor, lighting,/andltemperaturel donditions. Most| of thel den-
sors|_hrel kensitivel tol thesel tonditions and might[ perform[ poorlyl in[]
somel of these! situations.[ According/ tol Shahroudyl et al.[ [46][ 4 1arge
numberl f variations| dan bel ¢reated byl dapturing| thel datal in different
backgrounds,| inl orderl tol éreatel Ambiancel inconsistencyl andl providel |
al fobustl bystem.[ In thel tasel bfl somel kensors[ kuchl asl Kinect,[ theyl |
arel limited| tol indoorl scenes,[ becausel bf thel bperationall limitations! |
forDightingDthisD};ensor[[S5] [and| thatl $hould| bel ¢onsidered| While
creating| datasets|tising this[densor.

Datasetl Variation:[ According[fo[Miron[ét[41.[[71],[dnotherl éssentiall |
issuel tol bel bonsidered| Whilel tollectingl datal is| intra-class_ andl inter-
class[Variations.[Each[physicalldctivitylprescribed[for the[dehabilitation
periodl canl bel performed| Wwith[ different[ Vvariations inl $peedl And[ par-
ticipants,[whichldefineslintra-class(variations.[Therelare[alsol variations
between!different/dctions[Which(thakes|it'harder{forl any[HHAR[systemlto
differentiatel theldctions.[Skeleton|datalis[domehow!(tobust/fowardslany
differences(inldpeed(of thelactionsAnd participant’slbodyldcale because
frames| daptured|from[sensors(like[Kinectlare!first'¢onverted ol Series
of feature[ Vectors[ tegardlessl ofl drientation, position, and[thel$peed of
actionl [78].[Thisiakes! thel skeleton[ datal odalityl favorablel forl datal |
collection.[]

Datal imbalance:[In[ Somel datal ¢ollection[$cenarios With[ binarylac-
tionl dlassification With[discrete[labels(as 4correct”[or[ 4incorrect”, there
isal ¢hancelthat fhelfinallfeal-lifel dataset!ishighly imbalanced[ (means
that thel distribution[ ofl samples| from[bothl ¢lasses| s hot equal)[ [71].
This[happens[Becauseldomelpatient!participants/are[not/dble[tolperform
somel gestures/becausel of theirthedicall ¢ondition[ r theylare[tinable[fo
perform|an(dction[With[severallrepetitions.[Tolsolvelthis[problem[during
theldataldollection/both[theldorrect/andlincorrect/dctions| (imitating[the
patient’simovements)[ ¢an(bel performed byl healthylparticipants.[In[thel ]
casel off tackling[ thel imbalanced! dataset,[ ethodsl $uchl As[ iindersam-
plingl And[ bversamplingl tanl bel{ised| afterl thel datal éollection,[which(]
varylinl different/fangesl [47].[]

5. Skeleton data acquisition

Asllentioned(Beforelthere[dre[deverallvision-based dataldcquisition
methods[ Whichlinclude[ RGB,[ depth[ map,[1R[ $equences, and[ $keleton
data.[Based  on[manyl ddvantages! thatlskeleton datalhavel ¢ompared[to
other{ ¥ision-based[ modalities| (like[ fobustness for[ hoisy[ background,
privacyl preservation,léomputationallyl éfficientl compared fol RGB[data
tolbelprocessed, étc.), theylare preferred by manyl ofl thelstudieslin[the
scopel ofl physicall tehabilitation assessment.[ With[ thel Advent] 6f pose
estimationl algorithms and[ Accuratel And[ Accessible[ sensors, ¢ollecting
skeleton[ datalis_muchl éasier And  morel popular howadays. Generally,[]
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there are[ twol imethodsl for skeleton[ datal hcquisition, which[include
direct(iseldf Anylsensinghardware,[dndlindirectmethodslwhichlinclude
posel kstimation[_algorithms! for! tapturing| skeleton[ information! from
RGBldatal [79].[However,| $incel durl aim!lis[tol tise accurate $ensors!forl |
capturing3-dimensional(skeleton[datal from[people, Welill discuss(the
priorlmethodlinl this/Subsection.[]

Tol capturel the $keleton| joint[ datal manyl directl Approaches! tusingl |
al kensorl Hirectly! tol tapturel thel kkeleton[ data)l havel beenl ised| by
several(desearchers.[Optical Motion Capture/System[(OptiTrackMoCap)
sensors, suchlhs[ Wicon, ivhichl Are[ marker-based methods_havel been[ ]
used[ by severall $tudiesl inl thel $copel bf! tehabilitationl {35,69,80].Lin[]
this_approach,  komel Ireflectivel_markers can[_bel attached! tol several ]
bodyljointsdndl the[ patient’s[inovementsl arelfracked byl Somel frackers
(cameras). Then, vith Somel processing bf| thel datal inl the[ omputer, ]
thel BD[ joint[ positionsl arel captured[ [81].[Thel OptiTrackl methodl for
capturing[ 3D[skeleton[ datal is knownl forlits[accuracylin ¢apturing[ thel ]
exact[_position[ and[ better! processing[ tapabilityl [81].[ However,[ duel]
tol thel higherl cost bfl Acquiring[ thel Sensors! for! tapturingl data,[ manyl |
researchers| lisel posel estimation[ hlgorithms[ brl btherl theapl skeleton[ ]
data-capturing[sensors.[]

Withl thel ddventlofl thelMicrosoft Kinect: XBOX[ 360, thelfechnology
of 3D[densing Was| fransformed| fol a[hugel éxtent.[Thisl Sensing[ technol-
ogylaslintroduced| for thel purposel of thel gaming|industryl driginally.
However,[lit_caught[ the[ attention[ bfl_thel researchl communityl very
quicklyandlit{vas[lised(in[various(tesearchl fields[ likel gesture[tecogni-
tion[[82],[posel detectionl [83],[dbject!detection| lcitemanap2015object,
sign[languagel tecognition [84],[Virtuall tealityl applicationsl [85], and[]
rehabilitation[ [56].L Thel first Vversion[ ofl thel Microsoft Kinect[ Sensors[]
(Kinect[ V1)[ as[ meantl tol bel lisedl in thel gamingl industryl and[ thenl]
used| byl tesearchers| in[ Various| researchl fieldsl hsl hl sensing[ method.[]
Thel second| ¥ersion[ ofl Kinect! (Kinect V2), whichl[ivasl for Windows, ]
had[better tesolution[thanl thel previous dne dnd[Also has[beenltised| for
scientific[fesearch.[Both[ of theseldevices have dbnel depth[andl 6ne[RGBL ]
camera.l in[ 2019[ Azure Kinect[ $ensors[ iverel introduced by Microsoft
for[scientificl purposes,[mainlylfor ¢computer{ Vision[dnddpeechldnalysis
applications[[86].[Among|thelthree[sensing[technologies for[3D/imaging
of_Time-of-Flightl (TOF),[ Stereol Vision, andl structuredl light,[ the[ MS
Kinect[V1[ises(structured(light/technology, in[Which[theldevice[projectsl ]
somel knownl ignall tol thel bbject andl inspects| pattern[ distortion[ onl]
thel signall teceived| back.[ Thisl method!is[ $uitablel forl indoor! activity
monitoringl becausel thel pattern[ distortion[is highlyl sensitivel tol énvi-
ronmentallinterferencel [87].[MS[Kinect[V2(dnd[Azure Kinect[iitilizethel ]
TOF_ method[ 6f[ $ensing in[Whichl thel tameral Sendsl but IR Tlights, and
records! thel fimel [ distancel it takes for thel IR[Tight sentl dut{ tol feturn
back.[ Thel datasetl ¢ollected byl this[ sensorlislimited| fol indoorl $cenes, ]
becausel ofl thel bperationall limitations| 6 thel IRl $ensorl inl thel Sensel off |
light[[55].[This/ thethod(dompared!tolthelstructuredlightlis[mhoreldobust
toldhangingllighting(donditions[[88].[Compared|tolthelfirst/thwolversions
ofl Kinect,[ Azure[ Kinect has| severalladvantages,|including  better[depth
resolution,[ &l lighter{ devicel {Azurel Kinect! isl 4l 1ot smaller! than[ thel
first_ twol Vversions), And[is morel Accuratelin[ positioning[ thel skeleton!]
datal [86].[Thel Skeletonljoint[ positionsl ¢aptured( byl thel SDK[ designed
forl éachlofl thel devicesl ofl AzureKinect, Kinectl V2, dnd Kinect V1, arel |
32,[25,[And[20[joints, tespectively. Tol thel best ofl burl knowledgel hol ]
other{previous/studieslhaveltised(thel Azure[Kinect[Sensor{for  dapturing
physicallfehabilitationléxercises/dndldueltolthelrdeasonablelprices/dfi thisl |
sensor|_tompared| tol bther| dccuratel methodsl $uchl asl OptiTracks,| thisl ]
sensor should[bel éxploredlin[ future[$tudies.[Table[ 2| illustrates[deveral ]
other! depthl sensors whichl tanl tapturel depthl 3D kensors| Wwith[ theirl ]
related(features.[Somel of thelsensors[suchlas/Intell RealSensel D455[ isel |
stereoscopicl technologyl for éapturingl thel depth datal byl tising[ Severall ]
cameras_distantl from[ éachl dtherl likel the human[ éyes.[ These[tethods
needlseparate[SDKslforldapturing/the[skeleton[datalfrom[theldepthldata.[ |
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Severall depthl $ensorsl and| their! features[ $uchl asl depthl imagel tesolution and| framel tatel off ¢apturingl image.[

Depthl Sensors! ] Technology! | Depth[FOV(] frame! ratel (FPS)[ | Depthlimage Compatibilityl ] Pricel |
resolution[]

Kinect[ V1] Structured(lightl] H:57°,v:43° 300] 320 x 240 pxl] Windows| 7,8 (USB ~ $150
2.000J

Kinect[ V2] TOFL! H:70°,[V:60° 300] 512 x 424px Windows[ 8[and[ ~ $160
higher[ (USB[3.0)

Azure Kinect! TOFLJ NFOV:[65° WFOV:[] 30 NFOV:[640(% 576[] Windows[10[64-bitl] =~ $400

120° WFOV:[512(% 512[]  (USB[3.0)[!

Intell RealSense[ 1.515[]  TOF[J H:70°,[V:55° 300 1024[x 768[px[] USB[3.0] ~ $350

Intel RealSensel D455  Stereoscopicl ] H:87°,[V:58° Upl o[ 90[] 12800% 720[px[] USB[3.00] ~ $240

Intell RealSense D435  Stereoscopicl | H:87°,[V:58° Upl ol 90[] 12800 % 7200 px[] UsB[3.00] ~ $180

Orbbec[ Astral ] Structured(light'] H:57°,[V:45° 300 6400% 480[px!] Windows[7[and[] ~ $160
higherl (USBI 2.0)[]

Asus| Xtion[ Prol | Structured| light'] H:58°,[V:45° 300] 6400k 480px. USB 2.0 ~ $150

6. Comparative analysis of available datasets

Observing/thel previous[studiesl onl ¢ollectingl datal for( fehabilitation
exercises,|_tonfirms|thel fact| that{ therel arel hl fewl publiclyl hvailablel
skeleton-based| datasetsl ¢ollected forl targetingl differentl impairments.
Forl éxample,lin 4 studyl ¢conducted byl Arl andl Akgull [89],[thel Authors] ]
usedl 4l Microsoftl Kinect! sensorl tol capturel thel RGBLand[ depthl ¥ideos
of thel participants[ performinglseverall tehabilitation[ éxercises| for knee
and[$houlder! tehabilitation.[ However,| this $tudy’s. majorl limitation[is[]
thatlit' does hotlincludel joint{ and[$keletonl information,  Whichl ¢anl bel |
useful profoundlyl inl HAR/HAE tasks. Thel teason[ behind[ thellackl off ]
publiclyldvailableldatasets[for(fehabilitationl éxerciseslis/ thel privacylis-
suelfor patients[dnd| thel property tights[ofl organizations[ [44].[Evenlthel ]
previouslyl described! tich[ datasets| likel NTULRGB-DL[46] arel for daily
activities/and| theyl dre not[including|fehabilitationl éxercises Whichldre
complex Activities.[ rable! 3/ illustrates[ s5omel bfl thel tharacteristics[ bfl ]
thel datasets[ Whichlincludel $keleton[ datal hs|_onel off thel ¥sision-based! |
modalitiesl ¢ollected.[ Thesel datasets_ éncompass| different! Vision-based
modalities| tol providel bufficient information| for evaluating| Hifferent
automaticldystemslfrained dn[them.[However, there[ dreldeveralllimita-
tions!for!thel éxistingl datasets| (suchlds[tiisingl01d[low-resolution[sensors,
capturing( datal in kingle-view,[ and[ targeting| kpecificl populations| orl |
bodyllimbs)Which[heed[folbeldddressed.

Most[ofl thel datasets[ collected[ previously_ arel targetingl $omel $pe-
cificl impairments[ land[ theirl therapyl activities.[ lOnel ofl thel famousl]
datasets[ created and[ published in[ 2018[isl UI-PRMDL (University of[]
Idaho-Physicall Rehabilitation| Movement] Data)[ 6910 lwhichl fis[ lcap-
tured( tol hddress[ thel lack[ bfl publicly hvailable[ datasets forl therapyl]
movements. Onel bfl thel strengths[ bfl this| Hataset| is[ thatl it includesl ]
10[ generall tehabilitation[ exercisesl andl is hot! targeting[ Anyl specific
impairment! group.[ Theyl asked 10[healthyindividuals| ol perform[both
correct Actionsl andl incorrect! Actions| (simulating thel patients) for[ 10[]
repetitions.[This/dataset/includes/the[positions/dnd/angles/df Bodyljbints
aslskeleton[data.[Althoughlthel presentl paper!is[ éxploring[skeleton|datal |
aslal sufficient_modalityl for tecognition_hnd[ evaluation, fisingl multi-
modalityl techniques| ¢an[ improvel thel performancel of_ Anyl HAR/HAE
system.However,[the[UI-PRMDlis[an[éxamplelofl studies notlproviding
anyl further[Vision-based[todalities sl al datal format.

AnotherEecentEiatasetEtollected}ndﬁaublished@yﬁ/ﬁronﬁtﬂl.E7 1]
islutilizing| bnel Kinect! W1[ kensorl tol recordl skeleton datal from[ 29[]
subjects[ (15[ patientsl hnd[ 14[ healthyl people) performing[ bl general
rehabilitation[_kxercises.[ This[ atasetl provides[ $keleton[ datal hnd[ the
depthl images| captured| And hotl thel RGB[ streams.[ Otherl than[ having
limited modalities, this[ dataset is[ Suitable forl HARI tasks| $incelit[ bnly
provides(Iabelslfor ¥correct”[and| ¥incorrect” gestures. |

Thel Universityl of Bristol’sl (Sensor! Platforml forl HEalthcarelin[ Res-
identiall Environment) SPHERE-Staircase2014[ [73],[ SPHERE-Walkingl |
2015l[[72],[SPHERE-SitStand2015/[[72](dreldseries| df datasetslincluding
the[hormall and[impaired Version[ ofl éachl bf the[valking,[ Walkinglonl]
thelstaircaseland(sittingldnd[dtanding[ movements.[Theldctionslin[ these
series| ofl datasetsl havel beenl performed| in[ both[ hormall andl Abnormal
gaitl (simulating thel patients[With[$troke[ and[Parkinson’s disease[ with
thelsupervisionl ofl Al physiotherapist) in[ front ol éitherl Kinectl 6r ASUS
Xmotion[RGB-Dl¢amera.[Althoughl thesel datasetsarel al greatldourcel for
motionl qualitylévaluation,[theyl areldpecific[fol dertainl fargeted(Actions
and| thel datasets| are[ hot[ generalized.

Thel KIMOREI dataset! isl Another( fecentl dataset, published[in[2019[]
[901,L hddressing| thel limited| participants[ problem. In[ thisl study, ¥4
healthyl and[ B4[ iinhealthyl subjects| perform[ 5/ tepetitions ofl 5[ phys-
icall activities| forl backl pain[ rehabilitation.. Kinect! V2[ was[ used( forl ]
action| tecording[ And| thel depthl streams| and! joint] positionsl andljoint
orientations| werel éxtracted lising| thel sensor. Thel RGBlimageslarel also
captured,lhowever, | theylarelhot  publiclyl available.[Thisl dataset[ ¢ould
solvel somel problemsl| telated| tol 4 limited humberl of participantsand
captureldifferentmodalities; However, [this[studylincludes[only[d[limited
series ofl dctions|elated fol Al Specificfargetlimpairment! (backlpain).

AHA-3D[[91][is[ 4l datasetl ¢apturedlin[ 2018l for dssessing| thel lower
body! fitnesslin Seniorslivhilel performingl éxercisesl ofl ¢hair-stand,| feet
upldnd(go, stepltest,[dndlinipedal/stance.[A[Kinect[V2[and[dn[RGBl[dam-
eraldreltised(toldapturelthelinformation/relatedto/theseldctions(from([11
youngland[10[élderlyl people.[ Althoughlthis[ dataset hasseveral vision-
based[modalities Whichl areltisefull for! dreatinglal powerful multi-modal
HAR/HAE[dystem,[thisldataset/lTackslin/the[dumberldf dctionldlassesldnd
thelhumberl df subjects.[ The[TRSP[[92][ dataset[wasl dreated[foladdress
the[Tackl ofl anl dppropriatel dataset! forl detectingl dompensatory motions
duringl the[ tehabilitation| period| ofl $trokel patients. $uchl &l datal $et/{s[ ]
usefullin[developing[an[dutomatic/dystem[for doaching[strokeldurvivors
in[ properl positioning.. Al Kinect[ V2[vas( {ised| tol éapturel thel $keleton
datalfroml[four[dompensatorylhovements/performedBy[19 participants.
ThisldatasetlWasldlsoldreated|forld[specific[purpose/dndlincludes/limited
actions,| participants,[and/ modality.

Although[ somel ofl the[ limitationsl of| thesel studiesl arel mentioned!]
specifically! forl eachl bfl them,[ therel arel Somel importantl generall lim-
itations| that{ havel hot beenl considered| byl Anyl bfl thesel datasets.[ Forl ]
example,| these datasets| could bel ¢aptured| hisingl $ensors[ with[ higher
accuracyl ¢ompared|tolsensors/like[Kinect[ V2, suchlds[MS[ Azure[Kinect.
Another| problem[ they! arelfacing/is thatl theylhavelised dinglel Sensors,
withoutldhanging/their pointl 6f View, dndl position[ofl them,[whichldan
highlylimpact thel RGBl 4nd[ depthl datal tollected.[ Thel énvironmental
calibrationsl ff the[ labltised| forl datal ¢apturing{ havel hot beenl ¢onsid-
ered_hnd| thel data[ Was[ ¢ollected in ¢onstantl énvironmentall $ituationsl ]
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Datasetl (year)[] Target groupl | Participants| | Sensorsl ] Physicallactivityl] ~ Objectivel | Collected[ Limitations| |
modalities/ |
IRDSL(2021)[J Generall | 29[ subjects (15[ Kinect V1[] severall | Classification[ ofl | Skeleton! data,l | Limited humberlofl |
[7110J patients,| | repetitions| | correct/incorrect’ |  depthlimagesl] modality,
14l healthy! | of 9l generall ] actions! | limited humber| of $ubjects,]
people) rehabilitation[ | regressionl | discrete! labels[ only! |
exercises (both[ (predictingD suitablel forl HAR  fesearch, ]
upperl al scorel forl | imbalancel datal|
andllower{ limb)[]  actions)(]
KIMOREL Backl pain, 78/ subjects (34 Kinect[ V2] Sltepetitionslof | regression[] Skeleton! data,| ] Specificl targetl population,| |
(2019)L[90]L] Stroke, || patients,[44[] 5exercises| | (predictinglal] depthlimages, || specificl physicall activities,| |
Parkinson’s| healthy)[] for back pain[ | scorel forlactions)[]  RGB(notl public)] limited humber of actions]
(both[ hipper
and[lowerl limb)[]
UI-PRMD! | Generall | 10 healthyl | Kinect andl] 10l repetition[ ofl ] regressionl ] Skeleton datal | Limited humberlofl ]
(2018)[[69]L] subjects | VICONL! 10l generall | (predictingl] modality, limited humber! |
(performing{ both] rehabilitation[ | al $corel for | ofl $ubjectsl]
correct! exercises. actions)
andlincorrect! ] (both[ tipper[and[]
actions)[ | lower! limb)[]
SPHERE- Walking-upl | 12[ participants|| ASUS Xmotionl] 48[sequences[ofl]  Classifica- Depthl streams | Limited! to onel Action,[]
Staircasel | stairs| gaitl | performing!] RGB-Dl tameral | 1[actionl ] tion/regression| | and| Skeleton! | limited humberl of' |
(2014) {7311 normall andl | including | datal | modalities, |
abnormall gaitl | walking ] limited humber[ of  $ubjects,]
upl thel $tairs[] specificl physicall activities, |
(lowerl limb)[ limited| tol ¢ertain limbl
rehabl |
SPHERE- Walkingl gait,[] 10[participants|] ASUS[ Xmotion[] 40(sequences ofl ]  Classifica- Depthl streams!] Limited| to bnel action,[]
walking[(2015)[]  simulatingl$trokel| performing[ RGB-Dl ¢ameral | 10 tion/regression | and| Skeleton! | limited humberl of |
(7210 and| Parkinson’s[] normall and[ actioancludingD datal| modalities, limited humberl
patients[ abnormall gaitl | walkingl] ofl $ubjects,[]
(lower{ limb)[] specificl physical  activities
(limited_humber of
actions),
limited! to ¢ertain/ limbl |
rehabl |
SPHERE- Sitting and[] 10 participants|] Kinect[V2[] 109 sequences[of ]  Classifica- Depthl streams!] Limited| tol bnel action,[]
SitStand | standing] gait! | performing] ] 1] tion/regression| | and| Skeleton! | Limited humber| ofl ]
(2015) {7210J normall and[ actionDnCludingD datal | modality,
abnormall gaitl | walking] {lower( ] limited humberl of $ubjects,[]
limb)[] specificl physical  activities,
limited| tol tertain/ limbl]
rehabl]
TRSPL{2017)[] compensatoryl | 19[ subjects (10[] Kinect V2] 4[tompensatoryl |  Classificationl ] Skeleton datal | Limited' tol bnel action,[]
19210 motionl ] healthyD movements| | Limited humberof |
detectionlinl L9 strokel | (upperl limb)[] modality,
strokel patients/ | patients)[] limited humber| bf  $ubjects,
limited! tol certain/limbl |
rehabl]
AHA-3D[J Assessing[ senior | 21[$ubjects[ (11[] Kinect[V2/[] 79(sequences  ofl | Classifica- Skeleton! data,| | limited  humber! of $ubjects,’|
(2018)[f91]L lower[ bodyl | young,[] RGBl¢ameral] 4[actionsl (lower ]  tion/regressionl] depth,[RGBLJ specific physical activities,]
fitness levels[ | 10[ élderlyl] limb)[] imagesl] limited humberl of actions,]
individuals) | limited| tol ¢ertain/ limbl |

rehabl]

(without ¢hangingl the[background| or!thellighting[ 6rl thel temperature).

In[addition,/somel of thelactions[suchlas dehabilitation eéxercisesltelated

tolneck jointlfecoveryl arelnotl ¢onsidered inl thel éxerciseldetting. AllLof
thesel faiselthelneed[fol ¢reatel l generall dataset! that[ ¢an[solvelSomel of
the[ problems| mentioned| Abovel inl the future.[ Thel morel Variations in[ |
subjectsldndldameral¥iews[and backgrounds, thelhoreldccurate  will be
thel évaluationl off differentl techniques developed| bnl thel samel dataset.[]
Thelintroduction ofl al hewl Activity! tecognition| dataset! forl thel purpose
of monitoring| actions| during the tehabilitation[ period[ willl énablel the
research ¢community! fol dpplyl differentl iewl All fechniques[ and| éxplore
their[potentialland( performance.]

7. Al methods for representation (feature) learning and evaluation

Afterl generatingl 4l proper! dataset, includingl [ balanced humber! bff |
samples! for[ bothl eorrect And incorrect! activities,| thel hext| important
steplisl thel design[df thelanalysis pipeline.[Thel objective df éach(study
playsllan[ importantl role[ inl designing| thelIpipelinel forl proposing[ k[l
methodology.[ Reviewing[ thel literaturel $hows[ thatl differentl tesearch
projectserel performed| forl developingl Automatic[ fehabilitationl $ys-
tems|and|éachlpursued|dpecific/dbjectives.[Thisldiversitylin[theirl dbjec-

tivelthakes!the/domparison|difficult.[Indddition, thelstudies|in[ this[field[ |
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Studyl (year)[] Dataset! | Targeting Sensorsl ] Featurel | Modeling[ | Objectivel | Contributions[] Limitations| |
population] strategyl |
Changl et[al. Non-public[ (2 Upperllimbl Kinect[ Posture[ based[]  Kinerehabl | Usingl Kinect | Confirms| that thel] ~ Non-public dataset,
(2011)[[931[] young[ patients motor! onl thelJointl] posture Kinect-based| ] Preliminary
performing impairment/ | anglesl | recognition| for interventions | research,[ Not[anl]
rehabl éxercisesl | countingl the enhancel patients’ Al-based HAE[]
for 34l days)[ | correctl éxercises' ] motivation| forl] technique,[Not
rehab,[andlimprove  providing
their performancel|  continuous| $corel forl
overl time[] thel patientsl to
monitor| their $ubtle[]
improvements |
Changl et[al. Non-public[(2 Severel terebral |  Kinectl Posturel basedl]  Kinerehabl | Using[Kinect( Confirms! that| the[ Non-publicl dataset,
(2013)[94][] young| patients palsy with[ ipper onl the[Joint[] posture Kinect-based[] Preliminary
performing limb[ motorl | angles| | recognitionl for interventions[ | research,[ Not an[ |
rehabl éxercisesl]  impairment/ | counting the enhancel patients’ Al-based HAE[
for[ 84 day)[| correctl éxercises' ] motivation| forl ] technique, Not
rehab,[andlimprove  providing
their! performancel|  continuous| $corel forl
overl time[] thel patients| to
monitor| their{ $ubtle[]
improvements |
Lin[et[al.[] Non-public (2] Upper limb[] Kinect/] Normalized[] Kinerehab! | Using[ skeleton[]  Grading[ thelactions|] Non-publicl dataset,[]
(2013)[[95][] patients/ With[] impairment/ | coordinates| ofl ] datal provided byl ] using/ ME[off | Preliminary
upper! limbl ] joints[ ] Kinect[ and/| skeleton datal and[]  research,[Not[an]
disabilityl ] perform[ | provel thel] Al-based HAE[]
performing] ] statisticall | contribution[ ofl ] technique, Veryl]
Tai-Chil tehabl] analysis on[ them[] rehabilitation[] limited/ |
exercises) | exercises|in[ understanding[ ofl |
recoveryl | thelimprovementlin
actions |
Exell et[al.[] Non-public[(3[] Upperl limbl Kinect{andl] Joint[anglel] FES[method[]  comparison[off] Tlustrated| thel | Non-publicl dataset,[]
(2013)[[96][] patients/ | strokel | stimulation[]  trajectoryl ] forl tehabl and[] patients[ | success_ of thel Not! an[ Al-based!]
performinglin[18[] rehabilitation[ glovel] screening| | performancel | proposed| system! forl| HAE[technique!|
interventions)[ | usingl thel ] beforelandl after] improvinglthel
datal collected ] FES[Withlthel] patients’ movement!
from[$ensors| | referencel actions'] andlduringlteachl]
using thelplots]  andl grasplActivities/|
forl theljoint
anglel trajectory
changinglin[ timel
Sulet(al.[] Non-publicl (3] Shoulder{ fehabl |  Kinect/] DTWI Vector( | Dynamicl | Using[ DTWland[]  Provided[ 4 good[ | Non-publicl dataset, |
(2014).[971[] shoulderl tehabl ]  exercises(] captured from]  Timel] Fuzzy[ Neural[] action| $coring] Notlan[ Al-based[]
exercises| | skeletondata[] ~ Warpingl] systeml provided | techniquelaligningl] ~ HAEltechnique,[]
performed 6/ ] (TW) alperformancel]  80.01%[ofl the[time[] Requiresdomain]
subjects)[] algorithml] evaluation | withl thel éxperts’] knowledgel tol designl|
andl fuzzy!| techniquel scores | fuzzyl tules forl hew!]
logicl | exercises.[]
Benettazzol | Non-publicl (2] Shoulder! rehabl!  Kinect! Jointl position[ ]  ANN[posturel| Providinglaudiol| Provided good!! Non-publicl dataset, |
etlal.l] shoulder tehabl]  exercisesl | distancel from[]  recognition[ feedbackl for( thel] detectionl off thel veryl basicl Al-based| |
(2015)[[98][] exercises | thel teferencel ] actions tisingl AIl]  exercises and!] HAE/HAR! techniquel |
performed| by 10[] action| ] evaluatel teliablyl |
participants)_ their ¢orrectnessl |
Antunes_ et al..]  Non-public|] Stroke,[ General ]  Kinect,[Asusl] Normalized|] Usingl ] Providing[ | Providedl anl[] Notlan[ Al-based]
(2016)_{991L (Modifylaction,[]  rehabl] Xtion PROL! andl mathematical ] visuallylhumanl| interpretablel ] HAE techniquel|
Weightl and[ | temporarilyl | approaches | interpretablel | physicallaction[]
balance)/ |and[] aligned| | likel] feedbackl forl | assessment| method| |
publicl] skeleton[datal]  Euclideanl patients
SPHERE-Walking[ | using[DTWL] distancel ]
(7210

arel father[hewl andl the!field has[hot! been[adequatelyl éxplored, Which

also[ highlights[ thel potentiallfor furtherldesearchlinl this[field.[]
Forl_example,in[ bnel study, Chang[ et[ Al.[ [93][havel hised( Kinect

sensorstoleveragelthe[human(poseléstimation|dapabilities/of the[Kinect! |

(continued on next page)l]

SDK!forldounting[theldorrect! éxercises| performed(by!thel participantsinl ]
physicallfehabilitation[ (Theyl ¢all this[ dystem[Kinerehab).[This method[ |
wasl_bnlyl_proposed| tol dol &l performancel levaluationl ofl kwol [youngl |
adults[Wwith lipper{ limblimpairmentsl performing[ thel éxercises[ without! ]
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Studyl (year)[ Dataset! | Targeting[| Sensorsl ] Featurel | Modeling[ ] Objectivel ] Contributions(] Limitations[ |
population] strategyl |
Eichlerl ét[al.[] Non-public[(12[]  Stroke, tipper! ] 2[Kinect V1[] ~ FMAltelated] Action[ Classifying[ | Provided &l good!| Non-publicl dataset,[]
(2018)[[100][]  patients vith(] limbl tehabl] features/ | scoringllising[ ] actionslintol | precision (100%/] veryl basicl Al-based ]
stroke,[10[] SVMLand[RF[] correct/incorrect'] accuracy! forl twol HAE technique,[]
healthy! $ubjects | based[ onl the[] actions)[ basedon] utilizinghandcrafted( |
performing FMA[] FMAlfeaturelset'] just'handcrafted! ] features, Utilizing[ |
movements)[ | features| | discretel Values! forl |
action[ $coring And
classifying| the
samples| into
correct/incorrect! |
Liletlal.[] UI-PRMD! | Generall tehabl | Kinect,[] Scaled[and! | Differentl ] Modelingl And Public/ dataset, First | Not| providing
(2018)[[101][] VICONL! meanl shiftedl]  GAN[] evaluation of ] attempt! for continuous| scorel forl ]
joint Angle structures ] actions| ising modelingl and thel patients to
trajectory, RMS GANLJ evaluation[ofl ] monitorl theirl subtlel]
based| | actions| through improvements( |
soft-labelsl ] GAN[]
Williamslet(al.[] UI-PRMDL] Generall tehabl ] Kinect,[] Dimensionality =~ GMM{model | Automaticl! Public| dataset, Al Usingl thisl technique
(2019)[[102]0] VICONL reduced!] forl scoring assessment] of | method for{$coring ~ might/iss the
skeletondata | thelactionsl]  physical thelhction,[ proved informationl about( |
with[ AE[] activities| | that dimension[] thel ¢orrelation bf |
reduction methods']  joints, hol $pecific
suchl as'AE[ perform  infol aboutl thel]
betterl tompared fo  contribution[off |
other{ ethodsl[] joints[in[ the[ action
pca)l] scoringlis[ provided!]
Liaol etlal.[] UI-PRMD,] Generall tehab,[]  Kinect,[] Dimensionality =~ GMM! Log- Automaticl Publicl dataset, A1 Using
(2020)[[66]L] KIMOREL] Backl pain, VICONL! reduced!] likelihood(] assessment| ofl | method| for{$coring  spatial-temporal
Stroke, || skeleton/ flatal] ~ method(forl]  physical thelAction,[ood technique might
Parkinson’s’ | with[ AE[] scoringl the activities| tising performance miss! thel infol About! |
actions,[] spatio-temporal 0.02527MADLonl] thel torrelation[ ofl ]
spatio- technique] UI-PRMD,[0.03786[]  joints, hol pecific
temporal MAD/ 6n[ KIMORE/ | infolAboutl thel |
method| for| contribution off |
traininglan[ | joints[in[ the[ action
automaticl | scoringlis_ provided']
scoring
modell]
Kim[ et/ al.[] IRDS/ ] Generall tehabl | Kinect/| Heatmaps| of Pre-trained ]  Patient!] Public[ datasetl Good[] Lacklof HAE]
(2021) {1031 thel $keleton! | ResNet!| identification! | performancel for technique,| for
joints[] throughlphysical ~ classification[] scoring/ thel actions
activityl | (around 98%| forla[]  Using heatmap
specific gesture)[] technique might
miss| thel infol About! |
thel torrelation[ ofl ]
jointsl]
Chowdhury KIMOREL Backl pain, Kinect V2[] Handcrafted[] LSTMImodell! Automaticl Public dataset,] Nol specific
et al.l] Stroke,[ | features| | with[hand/ assessmentl_ofl ] comparing/ the information[ aboutl ]
(2021){10410] Parkinson’s/ | (angles and crafted.] physical averagel in[ every thel tontributionl of' ]
distancel] features ] activities tising foldLof RMSELin[4lll]  joints[in thel action
between! (LSTM-HF) twol differentl | actions[ by scoringlisl provided']
joints),[ tawl | and! techniques/ | LSTM-GCN[(0.191)
skeleton[datal] ~ LSTM-GCNL and LSTM-HF_]
(0.290) $hows_|
LSTM-GCNLis better! |
Albert[ et al.[] KIMOREL] Backl pain, Kinect[ V2] Normalized(] Utilizing Classifying| the Public dataset,] Not! providing
(2021)([105]] Stroke,| ] joint! positions']  GANlforldata] actionslintol] illustrated  that the[]  continuousl $corel for[]
Parkinson’s’ ] augmentation[ | healthy/patient modell trained[6n[ | thel patients| to
usingl &l ¢lassifier | thelAugmented data  monitorl their subtle| ]
onloriginalldata  havel betterl] improvements, ol
andl Augmented F-measurel overlall ]  specificlinformation
datal| off thel ¢lasses ] about| thel |
compared| to contribution[ off |
originall datal| joints[in[ the[ action
scoringlis[ provided!
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(continued on next page)l]
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Table 4 (continued).[]
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Studyl (year)[ Dataset! | Targeting[| Sensorsl ] Featurel | Modeling[ ] Objectivel ] Contributions(] Limitations[ |
population] strategyl |
Raihanl et[al.[] KIMOREL] Backl pain, || Kinect[ V2] Extracted| ] Geneticl | Automaticl] Public| dataset, Al Usingl this[ featurel]
(2021)[[106]0] Stroke,| | features| lisingl]  algorithm- assessment| of | method!forl Scoringl|  extractionl techniquel]
Parkinson’s’] 1D LBP from[]  optimized[] physicallactions ]  thelaction, Good! might{ miss[ thelinfol ]
skeleton/ datal] ~ CNNL! scoring| performancel | about! thel |
(MADL0.01337[6nl] correlation])fjointsﬂ
thel Validation[ set!] nol specificlinfo ]
for KIMORE)( | aboutl thel ]
contribution[ ofl ]
joints in[ the[ action
scoringl]
Dulet[alL[] Non-public[ (2] Upperllimbl Kinect[ Rawl skeleton[] ~ GCN[vithl] Automatic[ Public dataset,[] Nol specificl infol |
(2021)([80][] patients/ With[] impairment/ | datal’| self- assessment] of | proposed  method! | about| the[ |
upper! limbl | represented asl]  supervised' physicall] (with[an[ averagelof | contribution[ofl |
disabilityl | graphl regularization[ | activitiesl] MAE! forl all[] jointsin[ thel action[]
performing] ] exercises[=0.021)[]  scoring
Tai-Chil tehabl | better| than[ bther( |
exercises)[ | previous| methods/ |
Debletlal.[] UI-PRMD,] Generall fehab,[]  Kinect,[] Rawl skeleton[] ~ STGCN[Wwith[] Automaticl Public| dataset,| Notl providing']
(2022)[35]L1 KIMOREL Backl pain, VICONL! datal selfl attention[ | assessment[ofl | Defining/ | individuall scores| forl|
Stroke, || represented as’ ] modell] physicall] explainabilityl of thel| each[ofl theljoints[]
Parkinson’s’| graphl ] activities' With[] ~ modellfor  betterl
variablel length,[]  feedback tisingl]
providing[ | attention model,]
explainablel | considering] thel |
feedbackl | variablel length[ of
the[movements, ]
betterl performance
compared! to
previous nethods! |
Mottaghil et’al.  KIMORE[] Backl pain, Kinect[ V2] Featuresl Deepl Mixture ~ Automaticl Publicl dataset, A1 Using[ CNN-LSTM
(2022)([107]] Stroke, || provided by Density[ NN[|  assessment| off | method| for[$coring ~ might miss| thelinfo
Parkinson’s’ | thel dataset! | physicall Actionsl |  thel action,[ Good! about! thel |
scoring| performancel | correlation[off joints, ]
nol specificlinfo
about! thel |
contribution[ofl ]
joints in[ the[ action
scoringl]

proposingl Any[ Al-based[ HAE technique.[ In[ another| tesearch, Changl |
et 4. [94][ tised| the $ame[ methodologyl tol evaluatel thel performancel |
of__thel twol lyoung[ patients_andl provided| them[ With feedback. This
proposed|system| provided( 3[ Degreesl of Freedoml (DoF)! forl performing
physicall fehabilitationl éxerciseslinl thel tipper{ limb,[ Whichlincluded 1
DoF . forl élbows and[ 2[ DoF! forl shoulders. Thatis[an[ ipgraded| Versionl ]
of thel previous| tesearch[With[ 1[DoF. Thesel studies| ¢an[ bel ¢onsidered! ]
preliminaryl fesearchl bnl thel ise ofl Kinectl sensors! forl rehabilitation[ ]
purposesl andl dol hotl includel major Al-based| proposed methodology.
Inldddition,[¢ounting/ theldorrect!éxercisesltilized|in[thesel papers/does
notl providel anyl ¢ontinuous! scorel forl thel patients| tol knowl howl ¢lose
theyldre/tolgetting[theldction[dorrect.[Flowever,[dnedf the[tajorlresults
ofl thesel studies( s ol ¢onfirm| thatl Kinect-based| interventions[ énhancel |
patients’motivation| forl tehabilitation,  dnd[improvel their performancel |
overDﬁme.D\ccordingﬂoﬁ)ebnath[&t&l. [[56] ,]oﬁlave&ﬂ)ettergcoringm
functionl forl physicall activities,  Exelll etl al. [96][ compared! thel joint
anglel frajectories. Inl this[$tudy, thel duthors lised Functionall Electrical
Stimulation[ (FES) which[ is[ usedl lin[ stroke[ rehabilitation asl a way
of _assisting[ patients| tol improve[ their bodyl movements.[ Thel Kinectl ]
sensor|_and| &l ktimulationl glovel hre uitilized( forl datal kollection.[ Thel|
comparison[_bf|_patients’ performancel beforel and[ after] FES[ With[ the
referencelactions[uising[ the[plots/for theljoint! dngleltrajectoryl ¢hanging
intime/illustrated|thelsuccess[of the[ proposed(system!forlimproving[the
patientsmovement| during[teachldnd( grasplactivities.
Meanl_joint(_anglel_errorl tanl hlsol bel tised[ asl al wayl tol gradel anl|
action,[ which[ hasl beenl lised[ in[ hnotherl btudyl telated! tol thel former! ]
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ones mentionedl Abovel 4sl ¢onducted[ byl Lin[ &t[41.[[95].[In[ this[ $tudy,[]
thel Authors Asked[ 2 patients[With[ ipperl bonel impairment tol perform[]
al_Tai-Chil_regimen| for upper| limbl rehabilitation[ whichlincludes[ 10
standingland(18lsittingldctions[illustrated(in[Fig.|5.[This[paperlincludes
comprehensivelinformation about! the[skeleton| datalfiormalizationand
performingl Anl hction[ $coring| technique! thatl theyl havel titilized.[ The
actions| werel graded| throughl al Strategyl and[feedbacklas| provided!for
the[participant,folduggest(d[fepetition dn[ performing[theldction[drlnot.

Inl thel studyl conducted byl Sul et 41.[[97],[ thel Authors hitilized! thel ]
DTWL_and[ &l fuzzyl heurall System[ tol perform[ better! scoringl 6f actionsl]
and| providel interpretablel feedback[ based[ bnl the $peed| and[the[ DTW
distancel ofl thel Actions|_performed| byl thel participants from tandard
action.[Benettazzol ét[al.[[98] ﬁtilized@oint@)ositionmuclideanmistance
fromlthelfeferencel actionl s[4l featurel et/ for providing{ audiol feedback
forl performancel évaluation. Alll off thesel tethods[ were[ proposed[inl 4[]
waylthatl theylmostlyldimed/folproducel feedback[based onlthelskeleton
datal éxtracted(froml the[ Kinect Sensors  and| theirl differences! from! thel ]
referenceldctions.[However,[dnelof thelhostlimportant(actions| that/dan
bel performed!isl tol fisel Al-based techniques| (insteadl 6f mathematical
differencelfechniques)[fol automaticallylscorelthelactions, Which(makes
thel progress| ofl decision-making| faster! tisingl theirl pattern[ fecognition
ability.[Tol Solvel this| issuel nanyl $tudies| ¢hanged| their{ perspectivelto
build[An[Al-base[dutomatic[ScoringlSystem.

Inl general,[ onel of thelmostlimportant| phaseslinbuilding[ dnylauto-
maticl tecognition/evaluationl systemlisl tol find| thel bestl tepresentation
ofl thel data,l Which{ mainlyl includes| findingl andl extracting[ thel most!]
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A) 10 standing exercises

B) 18 sitting exercises

Fig. 5. Tai-Chil fehabilitation[exercisel regimenlincludingl (A)[10[$tanding| exercisesl andl (B) 18[sitting[ éxercises [95].[For morel details, pleasel refer| tol thel ¢ited paper.[]

relevant! features.[Therelarelfwol generalldpproaches!(fol performing|fea-
turel éxtraction,[Whichlislhand-crafted| featurel éxtraction,l ér dutomatic
featurel éxtraction[mainlyltising DL[Strategies.

Theldonventionalldpproacheslforlskeleton-baseddctivitylrecognition
arelthostly/Based(dnldxtracting hand-crafted[featuresand(then(applyingl |
somel MLl nethods! tol them[ [108,109].[in[ thel real off Activityl Assess-
mentl for physicall fehabilitation,[ dnel f the[hand-crafted| feature-based
methodslis introduced byl Eichler &t 41.[ [100], in[Which[thel patients
and[ healthyl participants|_performl thel Fugl-Meyer| Assessment {(FMA)
physicall_activities_as[_al clinicallylpproved_interventionl forl people
surviving[ from[ [ $troke.[ Twol Kinect $ensors[ Werel titilized| for hctionl
recordingl andl bnel medicall professionall provided FMA[ $cores| forl thel ]
actions.[Somel features telatingl tol thel speed| of  Actionsland! Statisticall |
values| (suchl asl mean,[ nax, and| Variance)_ of  different measurements
ofl Anglel And[ Aistancel bf thel Skeletonl datal erel ised ksl thel featurel ]
setl forl tepresenting| thel data.[Then,[ C4.5(as! 4l decision| treel method),
Support] Vectorl Machine (SVM),_ and[ Al Random[ Forest (RF)[ ¢lassifiersl ]
werel lised tol ¢lassifyl $amplesl intol patient_ and[ healthyl {(based[ onl thel |
FMA[Score, wherel 0-1[is(the[Score for{ thel patient! dnd[ 2-3[is[ theldcore
forl the[ healthyl participant).[in[ Another! attempt,[ Antunes| et 4l.[ [99]
provided! h[ Wisually human-interpretablel feedbackl kystem![ that[ uises[ |
threel Hifferent[ datasets| tol tapturel thel skeleton[ data,[ then[ performs
somelpre-processinglonltheldataltoldlign/them[temporarilyldnd(spatially
using{ Dynamicl Time[ Warping (DTW),_and[ finallyl providel feedback
based| onl thel Euclideanl distancel 6f| thel joints| tol thel teferencel action
tolprovidelascore.

However,|[ tecentlyl therel hrel Somel proposed| methodologies| tisingl |
al Deepl Learning[ hpproachl bnl the kawl tollected( datal forl thel samel]
purpose.[ Thesel methods[ mostlylincludel threel main[ Neurall Network
architectures,ile. RecurrentNeural[Networks[(RNNs)[[45,46,110],[Con-
volutional[Neural Networks[(CNNs)[[111-113],[dand[Graph[Neural Net-
worksl (GNNs)[ [44,114-116].[Forl eachl bfl these methods,| thel toordi-
nates| bfl thel joints[ $houldl bel represented! differently, suchl asl ectorl]
sequences,| pseudo-images, and| graphs,| tespectively. Accordingl tol $hi
et(dl.[[44],lin[thelfield 6f HAR,[sequence-based/techniqueslutilizel RNN-
based| architecturesl and| feed(the[$keletonl datal asl 4l $equencel of joints[]
(time-series| $equences), tol tapturel thel temporall features_ of thel data.
CNN-based|frameworks¢anldapturelthelspatiallfeatures dfl thelskeleton
pseudo-imagelrepresentation[dfithelsdkeleton/dataldnd[perform/dnlimage
classification task. In[ s5omel studies, instead[ bfl tepresentingl 5keleton
datalaslsequences| drl pseudo-images, authorslised  graph-based models
in[ whichl thel bkeleton[ datal isl represented| s al graph.[inl thel graph
representation, jbintsdre[VerticesldndBones(drelédges.[According[tolShi
et[al.[[44], the[teason! forl thel popularity df graph-based|fechniquesfor
modeling[ $keletonl datalis! thatl éompared!fol thel Sequence-based meth-
odsldndlimage-based(representation,/thelgraph-based(thethodsldrelthore
reasonablelsinceltheldkeleton(in/the human(bodylisRaturallyldrganized! ]
asla[graph.[ Therel drel Somel kinematicl dependencies/ between[ skeleton
bonesl and| joints,[ andl GNN[ tmodels| byl Applying| $peciall convolutions| |
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onl bver|_graphl edges| torrespondingl tol thel joints| kanl tapturel thesel |
dependencies[[117,118].

Deepl Learning| fechniques! forl physicall tehabilitation| éxercisel éval-
uationhavel been[ explored! tecentlylin[ Al §malll humber[ 6f papers.[in[]
thel$tudyl ¢onducted byl Williamsl ét[41.[[102], thel duthors[iitilized an[]
autoencoderl (AE)[for dimensionalityldeductionand[al Gaussian Mixture
Model {(GMM)[_tol derivel 4l parametricl probabilistic_movement model
of thel densityl ofl the[movements| ol évaluatel thel human[movements[in
physicalldehabilitationléxercises.[MSE,[MAE,[dnd[MPE!for  twoléxercises
of deepl $quatl And( $tanding $houlderl abductionl Withl fourl approaches
of(scoring[(GMM,[DTW,Mahalanobis|distance,[and[Euclidean[distance)[ ]
werel presentedlin thisl paper.[ This[ paperl $howed| that! thel AE[tnodel
produces|_betterl tesultsl compared| tol btherl dimensionalityl feduction
methods,[suchlas Principall Component! Analysis  (PCA).

Also,[ Liaol et[ al.[ [66][ proposed| &l pipelinel with[ threel important
components| ofl dimensionalityl feduction[ for $keleton| data,| thel$coring
method|for(thelactions,[dndltheldpatio-temporal-based(methodologyl for
scoringl the[ Actions.[This| paper! investigated iimensionalityl teduction
forl Skeleton| datal tising AEs! (includingl BD[ Hatal off 15[ tol 40[ $keleton
joints fegarding| thel Sensorl type) which[ s/ tarelylinvestigatedl byl other
studies.[Thelduthors[proposed(alGaussian[Mixture[Model (GMM)[Based
modell forl Scoringl thel actions. Finally, 4l $patio-temporall architecture,
includingl1 DLGNNsl and[1.ongl $hort-Term Memoryl (LSTM)(layers,[ was
used| fol perform[ the tegression.[Kim[ et al.[[103] performed Al patient
identification tising[a[pre-trained ResNetl architecturelon[thel heatmaps
extracted from[ thel 5keletonl atal ofl the healthyl andl patientl people
in[ the[ public[IRDS[ dataset.[ This[fnethodlillustrated goodl performance
inl classifying thel batients.. However, itl lacks[ $coringl bfl thel hctions,
whichl canl helpl thel patients tol inderstandl tol whatl extent| theyl arel ]
performingl thel hctions[ ell. Onel ofl thel latest[ tesearchl tonducted by
Mottaghil ét(al.[107],[proposed[dlpipelineldalled Deep  Mixture[Density
Network(DMDN)[including[CNN,[and[1STM(layers| for[¢apturing[spatio-
temporall features of thel notion[ byl Adding[ mixturel densityl layers| tol |
predict thel scoresl forl thel skeleton[ datal in[ thel KIMORE[ dataset. Thel
metrics_of Rootl Mean[$quarel Error (RMSE) and $pearmanl ¢orrelation
coefficient bfl thel Yalidationl datasetl forl éachl dction[ Werel provided byl |
thel Authors__and[ according! tol thel results,[ thel DMDNI_providesl_good
performancel ¢ompared|folLiaolét[a1.[[66][in[domel of thel éxercises. ]

In[ 2021[ Raihan let! lal.[ [[106][ lutilized[ lal mixturel lofl both[ hand-
craftedfeatures/and/ Deepll.earning(thethodologieslfolpropose a  genetic
algorithm-optimized CNN[tnodel frainedl onl the[ 1 D[1BP[ (Local  Binary
Pattern)| featurel Sets| éxtracted! from! thel $keleton datal from KIMORE
dataset.[ Thel tesultingl Mean[ Absolutel Deviation[ (MAD)[ for! thel testing] |
setl in[ thel KIMORE datasetl illustrates| thatl the[ method[ hasl al better ]
regressionl_performancel tompared! ol thel method[ proposed byl Liaol]
et al.[[66].[Chowdhuryleét al.[[104][¢onducted tesearch onl ¢éomparing] |
thel performancel ofl twol pipelinesl including[ feeding[ thel handcrafted!]
features| provided[ byl thel KIMOREI dataset! fol an[1.STM[heural hetworkl]
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Fig. 6. Attention maps’ provided| inl thel paperl [35][forl fivel éxercises.[ Tol fepresentl thelimportancel ofl eachljoint,  thel ¢ircles  arel shown[bigger! Whenl theyl havel higher[ importance.]
Thel figure! trepresents| (a)[ thel Averagel httention mapl (left) hndl jointl fole_ brl importance! (right)[ ofl expert/ tisers.[ In[ columns! (b) And! (c), thel left| figures illustratel thel tolel (o[
importance)| of different!joints[in[$coring, Whenl thel score! gets highl orl lowl tespectively, and! theltight! figuresl sShow! thel differencelin[ theltolel of joints| from![thel teferencel movement! |
(wherel thel Violet| tircles arel bigger,| thel patientsl heedsl tol payl morel attentionl tol performbetterl action).[]

(LSTM-HF)&nd[ feeding[ thel fawl skeleton[ datal hs[ With[ 4l graphl repre-
sentation[fola GraphlConvolutional[Network (GCN)-LSTM!architecture.
Thel RMSE[ reported| asl_Anl averagel bfl tross-validationl ofl every! fold
forl_eachl exercisel illustrates| that! LSTM-GCNI (averagel RMSE=0.191)
performs| better[ tompared tol .STM-HF (averagel RMSE=0.290).[ The
resultslin[this[ paper{provelthelfact(thatthe. GCNItechniqueldanldapture
better spatio-temporall features bfl the humanl body! compared| tol thel
handcrafted! featuresl provided| byl thel éxperts. In[ $imilarl tesearch,[ Dul]
etlal.[[80][htilized Al GCNIWwith[ Al self-supervised tegularization[on[ the
UI-PRMD|dataset(tolshow[that(the GCNIdanldapturelspatiallinformation
of_thel human[ body.[ Thel mean[ absolutel errorl (MAE) betweenl thel]
predicted(score[values/and the[ground/fruth[performanceldcores[dnlthe
validation| $etl forl thel 10l exercisesl shows| thatl thel proposed| method ]
(withl anl Averagel 6f MAE/ forl alll &xercises| ofl 0.021)[ performs| better
thanl éther{ iethods| suchl sl Liaol etl a1.[[66][ (with[ Anl dveragel of MAE[ ]
for[Alll éxercises=[0.025).

Onel ofl the[majorlimitations[f thelpreviouslstudieslis that/the[HAE
systems|dre[not[able(fol providelinterpretable[dnd[éxplainablel feedback
for[thelpatients[to[knowlWhich[jbints(dre(the(thost/dontributing[(salient)[]
oneslinl thel decision-making[ progressL f thel system.[ Providing| anl éx-
plainable[methodologyldan(felplthe[patients(tolimproveltheirldctions Byl |
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paying[morel dttention[fol thel$peciall joint/novements| tesultinglin  Tow
scores| and|dssist( thel patients|in[ monitoring[ theirl dctions/ dndfrusting(4
transparent/modellinsteadofld[Black[box.[Another[important!limitation
of thel previous| workslis( thatliin[order(tolfeed[thelactionl performed(byld
participant!fol Al GNN[or{ LSTMImodel,  they hadltol¢onvert! thel daptured
videos(tolfixed-lengthldnes[Which[dontradict/feal-world[situationsdince
thel Actions[ can[ bel performed iwith[ Hifferent| $peeds_ and| tepetitions.
Tol address both[ bfl these[ problemsl_And| treatel Al nodel with[ betterl]
performance,Deblétd1.[[35][proposed!d[Spatio-Temporal GCNI(STGCN)_
withl Al $elf-attentionl layer.  This_paper[ provides Al comparisonl ofl dif-
ferent{methods[$uch(as[[66,116,119-121][With[the évaluation| ériterial |
such[bsDV[AD,DV[eanDAbsoluteD’ercentage[Error[tMAPE)[hnd[RMSE
scores. Comparing| thesel driterial forl all[of the[1 0l éxerciseslin[UI-PRMD
and[ fivel kxercisesl in KIMOREL illustrates thatl thel proposed method
performsl_betterl in[ scoring[ for[ mostl bfl_thel kxercises. Thel httention[]
maplillustratingl thelimportancel of| theljoints[in[ $coringl éachl action[is
givenlin[Fig.[6.[ Tol the[ best 6f burl knowledge, thislis thel first Attempt
in[ providing explainablel scores| forl actionsl in[ physicall tehabilitation
assessment]and this direction/ heeds!fol bel éxplored!further.

Duel tol thel fact{thatlit{isl ¢hallenging/fol dreatela[Targel datasetlin[the
medicalldomainl (including| thel Scopel 6f this[ paper), whichlisl éssentiall |
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forldeepllearning/hodelsltollearn/thepattern|inldata, Somelstudies(tried
tol Solve! this[ situation[ with[ datal Augmentation| methodologies.[ Albert[]
etlal.[[105][proposed 4 Generativel Adversarial Network {(GAN) Wwith
CNNland(1.STMayers[for producinglsufficient dyntheticallyldugmented
data.[ITheyl illustrated( that[ ia[ fullyl convolutionall hetworkl classifierl |
trained bnl thel Augmented! datal can( €lassifyl thel samplesl intol patient
and[ healthyl better thanl thel briginall data.[Lil et al.[[101][investigated![]
differentl typesl_bfl GAN[ Imodels,[ such[hs[ Deepl Convolutional GANs!]
(DCGAN)[[122],[WWassersteinl GAN[[123],[ And[ Recurrent_ GAN[[109]
forlBoth datal dugmentationdnd| performancel évaluation.[However, the
classification[ hccuracyl bfl thel GANs[ is| hssessed[ based| onl Al keries[ bfl ]
introduced(3oft{Iabels| for[thel action[sequences.[]

8. Evaluation methods

In[_thisl bubsection[ twol levels| bf_ evaluation| triterial selection[ forl ]
thel skeleton| datal Analysis! is| discussed.[Inl thel first[ level, evaluation
methods(for[the[human(subjects’dctivities/dreldiscussed Whichlplaysldn
important| folelin thel final HAE[ System| performance.[Thel second|level
encompasses|_thel évaluationl techniques| proposed| byl differentl $tudies |
tol Assess| thel performancel ofl ML/DL-based[ HAEl 8ystems ¢ompared| to
other! pipelines.[ |

8.1. Evaluation methods for human subjects’ actions

Inl this[ $ubsection, el discuss_performancel évaluation[ Approaches
forl the humanl $ubjects’l Actions itilized in[ different[ previous studies.
Inlthellevell of thel participants’l dction[évaluation,Wwhichlincludesl the
“degreel_bfl torrectness”[bfl_thel physicall hctivities| performed[ byl the
subjects,| thel Actions| tan[ bel Annotated[ vith discretel Andl continuousl
scores. In[ other[Wwords, thelapproachléf{scoring[ thedctions mayl frame
theDproblern[bsDeither[classiﬁcationDor[regressionD[S6] [ Thel actionl
evaluation/ methodology! playsl anlimportant| fole[inl theValidation[ dnd
interpretabilityldf(thelWhole[HAE system.[Table! 5 includessomel of thel ]
mostldommon(tethods/for(dcoringltheldctionsiwhich[welWillldiscusslin
thel following.

According[ tol Mangall et[hl.[]641,[ generallyl humanl motion[ kcor-
ingl_tan bel exploredl in[ twol mainl categories,[ {1)[ tule-basedl and[ (2)
template-based(approaches.[Rule-based(dpproaches|(or(dlinicallscoring)
arelprovidingldcores(forltheldctions based dnldlsetl of fules[provided(by
thel¢linicians/ Whol assess| thelmovement[with[fools and[ questionnaires.
In[otherlwords,[someldflthelprevious(studies/preferred|toliselthe[knowl-
edgel and éxperienceloff thel physiotherapists|inlscoringl during[thel data
collection[ $tage.[ Somel off thel Vveryl basic! telated methodologiesl uchl]
asl tounting[ thel correctl éxercises [93,94][ havel beenl proposed| previ-
ouslyltolévaluatelpatients’limprovement/ performance/Byldomparing[the
number! f dorrect| éxercises beforel and| afterl performinglsomel physical
activities[fiol thel correct(actions| performed byl thel éxperts.[This[method
lacksld[verylimportant|dharacteristic/df an(dutomatic/dssessmentthodel,
whichl is[ thel interpretabilityl bf thel scoringl methodology.[ Thel HAE
systems| designed| based bnl thisl scoring[ inethod| arel tinable! tol ssist |
thel éxpertlinmonitoringl the subtlelimprovementslin/ thel performance.
FMAl_[124][and[ Unified PD[ Rating[ Scalel {UPDRS)[[[125][ arel komel|
of thel ¢linicall $coring[ methodologies[ uitilized[ byl differentl authorsl for
actionldssessment([[100,126].[Asldnother éxample, dlinicians/tonitored
thel Actions| performed| byl thel healthyl And( patient| participantsl in[ the
KIMORE dataset {90][throughl 4l questionnairel ¢alled| thel Exercisel Ac-
curacyl Assessment[ Questionnairel (EAAQ)[127],[ which(isillustrated!]
in[Fig.| 7.[ According tol this assessmentl $ysteml! finally,  eachl actionlis
quantifiedﬂhrough}hreeEcoresﬂ)ﬂ]heR:linicalﬂ"otal["‘&coreRTS)Bsﬂhem
suml of_ hll[ ofl thel ten[identified $cores;| thel tlinicall Primaryl Outcome
(PO)[dcorelds thelsuml dfl theldcores| dfl thelfirst threel questions; andthe
clinical Control[Factors[(CF) sl thel sSum[ ofl the(last{seven| questions.[In
theldataldollection(telated(tolthe[IRDS[dataset [71], thelduthorslitilized
theléxpertknowledgetolprovidelscores(ds[labels dfl dorrect/incorrect(to
the[ participants[performing/ fhelactions.]

16
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Thesel methodologies_ arel Ablel tol providel powerful_and  teal-world[]
scores| becausel ofl ising the[ experts’l knowledge.[ However,| therel arel ]
severalllimitations| tol this dataldnnotation[method. First, in(thost[of the
dataldollection[proceduresldccess(tol different/éxperts(fromldifferent! dis-
ciplines[(suchlds/both[domputer(scienceldndmedicallscience)lislimited.
Inladdition,lin[Somel ¢ases, [ thel scoring[methodologies| that! thel medicall |
experts| tise might{ ¥aryl based[ on[ differentl tools_ And[ questionnaires.[]
Thislmakes! thel datal iorel $pecificl fol 4 ¢ertain tool and[ questionnaire
results_And[ hinders thel tesearchersl from[ findingl 4l morel generalized
HAEl pipelinel forl dctionl assessment. 1t fails in[ generalizing| thel model
for[hewl physical activities[hotl ¢linicallyl Scored And[hot[introduced[fol |
the[ modell before.[ Moreover,| thel teliabilityl off thel scores| provided! sl
highlyl dependentl bnl thel éxperience,lknowledge, and possiblel bias ofl |
thel éxpertl scoringl thel actions.[ Therefore,[ el fecommend that! futurel |
researcherslin[the[related(drealprovideldn/dutomaticlprocedureltoldreate
generalized Annotations.[ Tol teachl this[ goal, itl is[ preferablel tol ise[ al]
template-based| scoringl approachlin[ Whichl actions are[ beingl Assessed| |
compared(fola teferencelperfectaction.

Thel template-based| scoringl hpproachl tanl bel tlassified| intol twol |
groupsl_bfl_model-freel (direct imatching)and[ imodel-based[ lgroupllofl |
metrics [66]. Thel nodel-freel Approachlincludes| applyingl 4l distancel |
function[Betweenlthelsequencesldfidctions/performedBylthelparticipant
and[the(deference/action.[Utilizing distancel functionslds/scoringdriteria
assists_lis in[ providingl al generalized| qualification[ method, Which[ ¢anl ]
bel tised( forl hewl typesl bfl physicall activities.[ Forl éxample,| tol providel |
al more[ generalized[ And interpretablel scorel forl Assessing[ the[ Actionsl ]
performed| byl thel patients, somel3tudies! proposed| grading| thel dctionsl |
throughl Mean[ Absolute[ Errorl (distance)l AMAE) orl MAD[[95].[ Forl]
example,ﬂ.in]zt[hl.[[‘)S] Dlsedg 0int[b0sition[{after&calingﬂhem)&ndD
anglel meanl érror{ asl 4l measuringl method| forl monitoringl thel progress |
of_patients. Theyl used[ thel distance/error! (denoted byl /) functionl]
illustratedin[ Eq.[(1)| tol find[ thel distancel 6f 8D[joint! positions[ ofl thel]
reference (R,)(andl patients[(P,) hovements/donsidering|that(the[Kinect! ]
sensorl¢anl ¢apturels joints:[

1
d—;;mi—m M
Then,[ theyl provided & setl bfl discretel scores| tangingl from[ 0[tol 2, in[]
whichl 0 fneans! thel ME[forl both[ 6fl theljoint| positionsl and[Angles wasl |
not/higher{than(althreshold,[1[theans(the[ME![forléitherjoint[position dr
angle[ was[ higher! than[ 4l threshold,[dnd[ 2[tneans! that! thel ME[ forboth
of theljoint[positions/dndldnglesWas[higher! than[dlthreshold.[Although
this[ methodologyl improved! the[{inderstanding[ 6f the[ performancel bf
thel patients slightly,[ bincel it provides[hl discretel score, khanges  in[]
thelimprovementl bf  the[ ctionsl arel hotl hoticeable. In[addition, thesel
scores|_arel hotl takingl intol account! thel wholel temporall sequencel bfl |
thel action[ beingl performed| froml thel starting[ point fol thel énd off thel]
action.lin[ general,l methodsl likel MAEL And[ Euclidean [95,96,98,128]
distancel for[ comparing[ thel twol timel $eries[ are[ hot[ suitable[ becausel
theyl are[ hotl ¢onsidering the[ Variationslin thel length[ of the! timel Series
vector_{lengthl bfl tecording).[ Forl this[ teason,[ methods likel DTW[ arel]
beinglised(dsal distance metricfortimelderies/decordings/Wwith[different
lengths[ [97].[In[ general,[DTWLis Al method[ forl fecovering| thel optimal
temporall dlignment( 6fl fwolsequences( df fimel Series[with[ differentland
variablelengths[ [129].L[ThisL method[and[_bther[ versionsLbf_it_have]
beenl tised| inl severall bapersl hs[ &l pre-processingl phasel tol align[ twol |
humanl actions[with[ different lengths[ [99].[in[ specific, according[ tol]
Zhoul and[Del1al Torrel [130] @ivenﬂwoﬂime@eries[&)fﬂ’( = [x,...,%,]
andlY = [y, ..., y,],[DTWIlikldfechniqueltolalignX[dnd[Y{With[different
lengths[of{hlandlm[Such(that, the[following[ suml of square dostl érrorlis
minimized.[ Thismethod| ¢anlalsol bel ised( forl Scoring[ theldctions.

Compared| tol model-less_hpproaches,| thel model-based[ metrics[{ise[ ]
probabilisticlmethods! for modeling| thel skeleton[inotion[ datal and ém-
ployl thellog-likelihood[ for! performancel évaluationl {66].[ Accordingl fol |
Mangall et al.[ [64][ thislapproachlis advantageous| sincel it generates 4l |
generalized| Scorel forl any! typel 6f action[ With[ food[Accuracy.[Hiddenl]
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EXERCISE ACCURACY ASSESSMENT QUESTIONNAIRE

Taking into account the description and aim of the exercise and observing the
whole exercise (all repetitions), please answer the questions choosing one of the

following options:

I=Never | 2=Rarely I | 3=Sometimes | l 4=0ften ] | S5=Always

1) Is the primary objective of the exercise achieved (i.e., extension of the upper
limbs, trunk rotation with upper limbs elevated to 907,

2) Is the exercise repeated in a constant manner?

3) Is the amplitude of the movement complete?

4) Is the posture of the head correct?

5) Is the posture of the right arm correct?

6) Is the posture of the left arm correct?

7) Is the posture of the trunk correct?

8) Is the posture of the pelvis correct?

9) Is the posture of the right leg correct?
10) Is the posture of the left leg correct?

squatting, etc.) ?

Fig. 7. Thel questionnairel ised(in thel KIMORE! dataset! forl Scoring| participant’sl action performancel [90].[]

Table 5

List_ofl commonl Action| évaluation[ methodsand! their[ limitations and[ $trengths. ]

Subject! performancel ] Somel ofl the[ papers| ] Pros!] Consl]

evaluation method! | using| thel ériterial ]

Countingl thel ¢orrect!] [93,9410] Preliminaryl] Not! monitoring[ the[

exercises| (discrete[] methodologyl | subtle[improvements[in[|

scoring)! | thelactions]

MAELofl jointl | [95101 Providing[ al betterl | Not! taking[ thel Wholel]

positionsl | understanding( off thel | performancel off thel |
actionl ¢ompared| tol thel | temporall action| from[ |
discretel scores| | thelstarting tol the

ending’ pointl]

MAELbfl joint_anglesl ] [95,9610] Providing[al betterl ] Not! taking[ thel Wholel
understanding[ off the[ | performancel off thel |
action| ¢ompared| tol thel | temporall action from/ |
discretel scores| | thelstarting| tol the

ending/ point/[hot
suitablel forl timel series/ |
datal |

Euclidean[ Distancel | [98,99,102,128](J Providing[ al better( | Not! taking| the Wholel ]

ofl $keletonl datal | understandingl off thel | performancel off thel |
actionl ¢ompared| tol thel ] temporall action| from[ |
discretel scores| | thel starting tol the

ending[ point/[hot
suitablel forl timel series/ |
datal|

DTWLand[its] [74,97,102,131]] Suitablel for timel $eries | Probablyl hotl sl |

variations|| datalwith(Variablel | accurate and[]
length(] generalized| as[|

model-based| methodsl |

GMMLor HMM( | [66,102,132](] Model based[ inethod of!] -
scoring] (accuratel and

generalized)[|

Markovl Modell (HMM)[ and GMM[ arel somel o the[ well-knownl[ model-
based[tethodologies!forl Scoring[ thel ctions[based on[ the[ probabilistic
densityl functions[ [66,102,132].[]

8.2. Evaluation methods for HAE system
Thel second[ $teplinl thel évaluation[ processlis| thel évaluation[ hnd

comparisonl ofl thel HAE[3ystems| based| bnl Some[3tandard| ¢lassification
and/orl regressionl metrics.[In[ bther words,[ al veryl kssentiall kteplin[]

17

conducting[desearch(dnldesigningldn[Alltechniquelfor(actionlévaluationl ]
is[fol éxplorel thel éxisting| performancel évaluation driterial forl validating] |
the[ proposed HAEl system.[ However, according| tol Lei et[41.[[111, the[]
evaluation|_criterial Varyl in differentl $tudiesl berformed| in[ tehabilita-

tion[ éxercisel assessment! becausel of! its' hon-uniformitylin[ formulatingl |
the[ Hatal tollection. Most[off thel studiesl in this[ scopel tisel their bwn[]
dataset{(which(are[hon-public[becausel df éthicallissues/dndlintellectuall ]
propertyl kestrictions),[ with[ different! configurations,[ and[ evaluation[]
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criteria,_which[_makes[it_harder| tol komparel different DL/ML-based
methodologies[ applied onlthem.

Aslthentioned(ih[the[previouslsection,[thanylpaperslisedMAD, MAP,
RMSE,[Spearmanl dorrelation| doefficient, and maybel dtherlmethodslfor
evaluating| regression models. However, therel is hol iniformityl hnd
coherencylin[using[thesel driterial folmakel them|domparablel Wwith[future
works.[Onelihterestingllimitation[dfl previouslrelatedwork(delated/tolthe
evaluationl ¢riterialis hotl paying| attentionl tol thel Variationslinl Actions
cross-subject] and| tross-view[_and[ thereforel didl hot[ providel &l tross-
subject_And[ ¢ross-viewl train-test[ $plit_and[ Score.[ Forl éxample, in thel]
Shahroudy’s ét[al.[ [46](studyltheylised dneldross-subject dvaluationin
whichlthey!split[the[datalintol twolsets o frain-set{dndltest-set Pased(on
thel3ubjects bnly.[In[¢ross-viewl évaluation,[ dnlyl thel datal ¢ollected by
theltwolfrontl ¢ameras[werel for(frainingl dnd[the datal from[¢ameral1lis
used[forl thefesting.

Inl additionl tol thel previouslyl mentioned limitations, itl is_ worth
mentioning| thatl_alllbf| thel studies| including[ designingl hn[ HAE! 5ys-
tem/[ forl rehabilitation|_problem| provided| the[ generall scores| for| thel
actions| [35,45,80,105,107].[However, 4l generall scorel for[ éachlactionl ]
diminishes thel kxplainabilityl bfl thel activityl feedbackl in whichl the
patient will hot[ bel ablel tol interpret! thel corel andl decidel Which[bodyl |
partl tol improve. In[ an[ attemptl tol éreatel interpretablel feedback,l Debl |
etlal.[[35][utilized the[attention mapltolillustratel thel problematic[body
part_ movements. However,| tol thel best[ bf burl knowledge, thel{ise[ off |
separatel $cores! forl éachl bodyl part heeds| tol bel studied! furtherl inl thel]
future.[]

9. Summary of the detected limitations of previous studies

Inl this[ section,[ el brieflyl discuss| the[ Hetected[ thallengeslin[ the
previous! telated| studies. Thel studiesl onl developing HAEl $ystemsl for
rehabilitation| éxercises/ havel thel following[ gaps:[]

+ Thelprevious| felated| publicl datasets/havel tnany!limitations[$uchl |
asl limited| data,| $ingle-viewl datal ¢apturing,| targetingl 4l Specific
population, low-resolutionl ¢apturing] devices, and[ discretellabel-
ingl &fl thelActivities.[ Thisl daises the[heed[ for hew| datal ¢ollection
tol¢overl alllof theselgaps.[]

Thelstudies[ ¢onducted dnl developing| Al-based inethodsl forl HAE
are[vVeryllimited and(fewlin[fiumber,[Which[shows(thelpotential of
thisldrealtolbeléxplored/further.[Theyhavelised|different/datasets
forldifferent/targetsl(forldctivityldecognition, orscoring[theldction
based| bnl ¢orrect/incorrectness, i scoringl Actions[With[ 4l ¢ontin-
uouslJabel).[Since, providing[al éontinuousllabell éan[ demonstrate
thelimprovement(dfitheldction[better, developinglaloreldccurate
HAE[$ystem| forl thisl dim[is hecessary.[|

Thel Accuracyl bfl thel $coring[ system! playsl anl importantl tolel in
effectivel freatment.[ Duel tol thel fact| that Very[limited[ $tudies[in
thelliteraturel havel beenl detected, further studies on[ promoting
scoringl dccuracylshould[bel ¢onducted.!]

Thel telated methodologies! providel feedbackl inl &l wayl that{ thel ]
patient__hnd_expertl_arel providedl with[_either( label for[ actionsl]
as_torrect/incorrect!_orl_tontinuous| scores.. However,| bnel futurel |
studyldirection[dan[BeltoldselinterpretablelscoreslincludinglVisual,
audible, br! tactilel tangiblel feedback.[ Thisl feedbackl systeml ¢anl |
eitherl bel tised| asl 4l teminder! (of thelincorrect! posturel orl actionl |
of__thel patient)[ br! guidancel {ofl thel torrect! performancel off thel]
activity)[ nethod forl thel patients. Thatl &an[ playl 4l key! tolelinlal]

successful(tehabilitation[ procedure.[]

10. Conclusion

Physicall hctivities_havel been[ ividelyl tisedl byl physiotherapists[_asl |
thelmostlddequatel prescription|forthel physicallfehabilitationl df differ-
entl disabilities. With[ thel adventl and[ ¢ombination[ 6fl ¢omputerl Visionl ]
methodsland[high-resolution[densors, manyl studies[ proposed| different/ |
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ML/DL-based[ Activityl tecognition[ and[ évaluation[ Assistant] Systems| to
helplmedicall éxperts[ withl decision-making[dnd[ prescriptions. [ This[ pa-
perldomprehensivelyldeviews| thel different/dtages[dfl designing{a[system
for[ Suchl &l task.[Thus,[ thel eurrentl teview! contributes| $ignificantlyl tol]
thelliteraturel bnl Automated[ hssessmentl bf physicall activityl and[ éxer-
cise.[ First, el discussed hboutl different] data-capturing| technologies,
physicallactivitiesto[be  daptured, and(thel ¢hallengesldfl datal dollection
for[physicallfehabilitation.[Then, Wel éxplored|thelfecentMIL/DL-based
methodologies| proposed[ byl different! studies| forl thel HAR/HAE! task
based|dnlthelskeleton[todality,[together[With[theirlévaluation[thethods
and(thellimitations[dnd[felated gaps.

Aslnentionedl Above,| thel focusL f! thisl Wworklisl exploring[ thel HAE
systems| builtl based[ on[ $keleton| datal for{ thel tehabilitation| problem.
Thisldecisionlik[thadeltoldonstrain[the[research[domainlih[drder/tolmakel |
conducting[ this| §ystematic teviewl feasible. Thus, it[is[ Worthwhilel to
suggest| thel éxplorationl ofl differentl modalities| (suchl asl tadar, dudio,
wearable, and Wi-Fi)ttilized| for( thel Samel purposelin[ futurel studies| fo
examine!their[domputationalldostldndlaccuracy.[Thislwill pavelthe[Wway
forlfutureldesearchers/inldctivityl typeldelectionforthelspecificlmodality
thatl theyl Arel tising[ Asl thel inputl ata. Another! future[ vorkl that[ ivel]
could| bffer( is[ 4l éomprehensivel analysis| ofl designingl HAE[ Systemsl for
generalldpplications| (including[dehabilitationldctions,[sports,[and[daily
activities) for(a[ betterl domparison| dfl different/ techniques’lperformance
(especially DL-based methods). ]

Declaration of competing interest

Thel authors[ declarel thatl theyl havel hol known| competing[ finan-
ciallinterests_brl_personall relationships|_that| tould_havel Appeared! tol |
influencel thel Work[ feported|in[ this/ paper.|]

Acknowledgments

Thel Authors ould[likel tol thankl Coventryl Universityl And[ Deakin
Universitylforljointlyl funding[this[ PhD[project(itled  Activity[Recogni-
tion[Using[ Digital Framel Streams| for Monitoringl Rehabl Period”.[]

References

[110Australian Demographicl Statistics,. Canberra:_ Australianl_bureaul of_statistics,
Commonweathl Aust.[ (2017).

[2]JA.[ Storey,[ Livingl longer: howl our| population!isl ¢hangingl and[ whyl it matters,
2018, Officel for. National Statistics:l London, UK.

[3101.D.[Cameron,[$.E.[Kurrle, 1:[Rehabilitation[ and[ dlder] people, Med.lJ.[Aust.[177
(7).(2002).387-391.

[4]0A.[Reichert, R.[ Uacobs, IThel impact_lofl waiting[ ltime[ lon[ Jpatient loutcomes:
Evidence! from! earlylinterventionlin|psychosisiservices/inl Elngland, Health| Econ.
27.(11).(2018).1772-1787.

[510Q.[ Jiang, ¥.H. Kim, J.K.[ Han, Thel effect’ bf center-based versus_ home-based!
training! for' rehabilitation! ofl chronicl anklel instability inl recreationall athletes,
J.[LMen’s Healthl 18 (1) (2022)/18.

[610Jp. Frigerio, L. Dell Monte, A. Sotgiu, C.| Del Giacomo,l A. Vignoli, Parents’ satis-
factionl ofl tele-rehabilitation! for' children with! neurodevelopmentall disabilities
duringl the. COVID-19 pandemic,l BMC| Primary! Carel 23 (1)L(2022).1-10.

[710s.C.[ICramer, L. Dodakian, V.[Le, ]A.[ McKenzie, 1. See,  R.Augsburger, R.J.
Zhou,| $.M. Raefsky,| T.. Nguyen, B. Vanderschelden,| et al., Al feasibility studyl of
expanded home-based telerehabilitation! afterl stroke,| Front.. Neurol.[ 11/ (2021)
611453.

[811JS.[Stephenson, R.[Wiles,[ Advantages| and’ disadvantages ofl the home!Setting for
therapy:| views_of patients' and! therapists, Br..J..Occupat. Therapy' 63.(2).(2000)
59-64.

[91UA.Y.[IGelaw,[ B.[ Janakiraman, B.F.[ .Gebremeskel,l H.[ Ravichandran, [Effective-
ness._ofl_home-based| rehabilitationl inl improving| physicallfunction_ofl_persons
withl strokel and otherl physical disability:[ Al systematic. reviewl ofl randomized
controlled! trials, J. Strokel Cerebrovasc.| Dis.[ 29/ (6)(2020).104800.

[10]0JH.[ Manjunatha,[ 8. Pareek, 5.S.[ Jujjavarapu, M. Ghobadi, T. Kesavadas, E.T.
Esfahani,| [Upperl |limbl |home-based. |robotic 'rehabilitation' |duringl |COVID-19
outbreak, Front. Robot. Al (2021).75.

[ll]DQ.iLci,TJ.-X.iDu,iH.-B.7Zhanng.7Yc,7D.-S.7Chcn,?\75urvcyiofivision-bascdihuman
actionl evaluation| methods, Sensors! 19 (19) (2019)[ 4129.

[1210M.[ Vrigkas,  C.[ Nikou, 1.A.[ Kakadiaris,[ Al teviewl of humanl activityl tecognition
methods,| Front. Robot.| AIl 2/ (2015)[ 28.


http://refhub.elsevier.com/S0010-4825(23)00300-1/sb1
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb1
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb1
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb2
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb2
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb2
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb3
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb3
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb3
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb4
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb4
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb4
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb4
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb4
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb5
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb5
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb5
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb5
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb5
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb6
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb6
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb6
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb6
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb6
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb7
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb8
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb8
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb8
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb8
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb8
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb9
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb10
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb10
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb10
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb10
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb10
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb11
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb11
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb11
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb12
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb12
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb12

S. Sardari et al.

[13]10D. Leightley, J.[Darby, B.[1i,.J.S.[McPhee, M.H.[Yap, Human!Activity[fecognition
forl physicall fehabilitation,[ in:( 2013 IEEE[ Internationall Conferencel on Systems,[ ]
Man,[ and| Cybernetics, IEEE,[ 2013,/ pp. 261-266./ ]

[14]0L.[$chrader,[A.[Vargas Toro,[$.[Konietzny, $. Riiping, B.[Schipers, M. Steinbsck,
C.[Krewer, F.[Miiller, J.[ Giittler, T. Bock,  Advanced| sensing[ and human[ activity
recognitioninl éarlylinterventionl and| rehabilitation| of élderlyl people, J. Popul.
Ageing[13[(2)((2020) 139-165.[1

[15100M.[ Babiker,[ 0.0.[ Khalifa, K.K.[ Htike,[ A.[ Hassan, M.[ Zaharadeen, Automated|]
dailyl human! lactivityl Irecognitionl lforl lvideol lsurveillance! lusingl Ineurall lnet-
work,[in: 2017 1EEE[ 4th[ International_ Conferencel on[ Smartl Instrumentation, [
Measurement_ andl Application, ICSIMA,[IEEE,[ 2017, pp.[1-5.[]

[16]0JR.K.[ Tripathi, A.S. Jalal,  $.C.[ Agrawal,  Suspicious’ human| activityl tecognition:[ |
al teview,| Artif.[ Intell. [ Rev.[50((2) (2018) 283-339.

[17]0M.[ Tammvee,  G.  Anbarjafari, Human| activity| recognition-based pathl planning
forl Autonomous| vehicles, $ignall imagel Videol Process.[ 15[ (4)[{2021) 809-816.

[1810D.D.[ Heikoop,| M.[ Hagenzieker,| G.[ Mecacci, 8.[ Calvert,  F.[ Santonil Del Sio, B.[
van| Arem,[ Human! behaviour with| automated| driving’ systems: al quantitative
framework! forl meaningful human| ontrol,  Theor.[ Issues| Ergon. Sci.[ 2071(6)
(2019)_711-730.L1

[1910C.[ Pham,[ S.[ Nguyen-Thai, H.[ fran-Quang, 8. ITran,[ H.[ Vu, T.-H.[Tran, IT.-L.
Le,[ SensCapsNet:[ deepl heurall hetworkl forl hon-obtrusivel sensing basedl human
activityl tecognition, TEEE[ Access| 8/ (2020) 86934-86946. |

[20]0JT.M.[ Do, 8.W.[ Loke, F.[ Liu,[ Healthylife:l An[ activityl recognition| system/ with[ ]
smartphonel using| logic-based| stream| reasoning,| in:[ International Conferencel |
onl Mobilel Jand[ [Ubiquitous| Systems:  |Computing,[ Networking, land| Services,| |
Springer,[ 2012, pp.[ 188-199.[

[21]0JA.[Coimbra,[C.[Neto, D. Ferreira, J. Duarte, D.[Oliveira, . Hak, F.[Goncalves, J.[]
Fonseca, N.[Tori,/A.[Abelha,[ét/al.,[Review! of trends/in/dutomaticlhuman/activity
recognition fin lvehiclel based in[ synthetic| data,  in:[ International Conferencel |
onl Intelligent| Datal Engineering[ andl Automated Learning,| Springer,[ 2020, pp.||
368-376.]

[22]0Js.[ Jindal,/ M.[ Sachdeva, A.K.S.[ Kushwaha,[ Al $ystematic| analysis ofl thel human
activityl tecognition! systems! for ¥ideol surveillance, in:[ ToT and| Analytics! for
Sensorl Networks,[ $pringer,[ 2022, pp.[345-354.[]

[23100M.[Rashmi,[R.M.R.[ Guddeti, Skeleton based human|action[tecognition! forl smart
cityllapplication lusing[ deepl learning,| lin: 12020[ International Conferencel lon[’]
COMmunication! 8ystems| & NETworkS, COMSNETS, IEEE,[ 2020, pp.[ 756-761.]

[2410A.[Khan,[8.[Khan, B. Hassan, 7. Zheng, CNN-based| smoker! tlassification and
detectionﬁnﬂ;martﬂ:ity[application,E‘Sensors@2ﬂ3)ﬂ2022)[$92ﬂ

[25]0A.B. Abkenar, $.W.[Loke, A.[Zaslavsky, IoT-enabled| groupl activity! tecognition
services| Jusingl lal Imodeling[ llanguagel Japproach,[ lin:[ 12018 /3rd[ /Internationall |
Conference  onlInternet/ 6f Things:[$mart/Innovationl and( Usages! (IoT-SIU), TEEE,
2018, pp.[1-6.11

[2610X.[Hu,[J. Dai, M.[Li, €. Peng, V.[1i, 8.[Du, Onlinel human| action| detection| and
anticipationl in{ Videos: Al survey,  Neurocomputing 491[(2022)( 395-413.[]

[2710P.[Ni, 8.[Lv, X.[ Zhu,[Q.[Cao,lW.[ Zhang,[ Al Tight-weight| on-line action| detectionl |
with[ hand| trajectories! forl industriall surveillance, Digit. Commun.[ Netw.[7[{1)
(2021)[157-166.

[28100y. D(ong,DY. jFu,[HumanDactionDecognition[bnd[brediction:DA:survey,:Int.DJ.D
Comput.[Vis.[130((5)[(2022)1366-1401.[

[2910A.[ Rudenko,[ L. Palmieri,. M.[ Herman,[ K.M.[Kitani,[ D.M.[ Gavrila, K.O.[Arras, ]
Human| motion! trajectoryl prediction: Al survey, Int..J.[Robot.[Res. 39((8)((2020)
895-935.L1

[3010A.[ Zia, . Sharma,[ V.[ Bettadapura, E.L.[ Sarin,[ M.A.| Clements, 1.[ Essa,  Auto-
mated| Assessment| of surgicall $kills iising| frequencyl analysis,| in:| Internationall |
Conference onl Medicall imagel Computingl And[ Computer-Assisted| intervention,| ]
Springer,[ 2015, pp.[ 430-438.[ |

[3110K.[ Lam,[ J.[ Chen, Z.[Wang, F.M.[Igbal,[ A.[ Darzi,  B. Lo, 5. Purkayastha, J.M.
Kinross,[Machinellearning/for! technical skilll assessment! in  surgery:[al Systematic
review, NPJ[ Digital Med. 5[ (1)[ (2022)[1-16.]

[32]0A.[ Ahmadi, E.[ Mitchell,l C.  Richter, F.[ Destelle, M. Gowing,  N.E.[0’Connor,| |
K.[ Moran, Toward| automaticl Activity! classification| andl movement! hssessment! |
duringl 4 $ports| training| $ession, IEEEl internet| Things|.J.[ 2[ (1)[(2014)(23-32.[

[3310v.[ Camomilla,l E.[ Bergamini,[ 5.[ Fantozzi, G.[ Vannozzi,  Trends supporting| the
in-fieldl uisel bf wearable[ inertial sensors| forl sport| performancel evaluation: Al
systematicl teview, Sensors[ 18[(3)[(2018) 873.[]

[34]0Jp.[ Parmar, B.T.[Morris, Measuring| thel quality ofl éxercises,lin: 2016/ 38thl Annual
International IConferencel of! thel IEEE[ Engineering| lin’ Medicinel land| Biology
Society, EMBC, IEEE,[ 2016, pp.[2241-2244.[]

[35]0JS.[ Deb, M.F.[1slam, 8. Rahman,[ $.. Rahman,[ Graph tonvolutionall hetworks| forl |
assessment| ofl physicallfehabilitation| éxercises, IEEE[Trans. Neural Syst.[Rehabil.
Eng.[ 300 (2022)(410-419.[]

[3610s.K.Llyadav, K. Tiwari, H.M.[lPandey, S.A.[|Akbar,[ |Al review| ofl Imultimodall |
human!activity fecognition/ with[speciall émphasis[onl ¢lassification, applications,
challenges| and[ futurel directions, Knowl.-Based| $yst.[ 223[(2021)[106970.

[3710Z. 8un,[ Q. Ke,[ H.[ Rahmani, M. Bennamoun,| G.[ Wang, J.[ Liu,l Human[ hction
recognition from Various| datal modalities: Al teview, TEEE[ Trans.[ Pattern[ Anal.
Mach. Intell.[(2022).[]

19

Computers in Biology and Medicine 158 (2023) 106835

[3810]Y.[ KKarayaneva,| S.[ 'Sharifzadeh, Y. Uing, K. |Chetty,[ B.[ [Tan,l |Sparse| featurel |
extraction! forl activityl detection  tising[ low-resolution IR streams, in:( 2019[18th
IEEE! International Conferencel onl Machinel Learningl andl Applications, ICMLA,| |
IEEE,[2019,[pp.[1837-1843.[]

[3910JY.[Wang,[S.[Cang,[H.[Yu,[ Alsurvey| on[ Wearablel sensor| thodalityl ¢entred human
activityl tecognitionlin[ health! tare,[ Expert $yst. Appl.[137((2019)[167-190. ]

[4010X.[1i,[Y.[He, X.[Jing, Alsurveylof deepllearning-based humanldctivity/fecognition
inl fadar, Remote/ Sens.[11[(9)(2019)(1068.[!

[4110Y.[ Karayaneva,| 8.[ SBharifzadeh, W.[ Li,[¥.[Jing,[ B. Tan, Unsupervisedl Doppler
radarl |based| activityD recognitionD forl e-healthcare, /IEEE[ ] Access[ 19[1(2021)
62984-63001.]

[42]JH.M. IDo,[ [K.C.[ lWelch,[ IW.[ISheng,| |Soham:[ |Al Isound-based| |humanl lactivity
monitoring| frameworkl forl homel service tobots, IEEE Trans.. Autom.’ Sci.l Eng.
(2021).

[43]0H.[Yan, Y. Zhang,[Y.[Wang, [ K.[Xu,[WiAct:[ A passivel WiFi-based human[ activity
recognitionjsystem,DEEEBSens.U.:’2011)12019)}96—305.D

[4410L.[1Shi,[ .| Zhang, 1. ICheng,  H.[ Lu,l Skeleton-based action! Irecognition| lwith[ |
directed| graph| heural hetworks,  in:[ Proceedings! of! thel IEEE/CVF Conferencel |
onl Computer Vision| and[ Pattern| Recognition, 2019,  pp.[7912-7921.[ ]

[45]0)Y.[Du,lW.[Wang, 1. Wang,[ Hierarchicall tecurrent’ heural hetwork! forl $keleton
based| action fecognition, in:[ Proceedingsl of the IEEE[ Conferencel onl Computerl |
Vision| and| Pattern[ Recognition, 2015, pp.[1110-1118.[

[46][JA.[Shahroudy, J. Liu,[T.-T.[Ng, G.[Wang,[ Ntuldgb+[d:[ AlTargelscalel dataset! forl 3d
humanl activityl analysis,| in:[ Proceedings| of thel IEEEl Conferencel onl Computer
Vision| and| Pattern[ Recognition, 2016, pp.[1010-1019.[]

[47]10Js.[Sardari,[B.[ Nakisa, M.N.[Rastgoo, P.[Eklund,/ Audiol based(depression[detection
using| Convolutionall Autoencoder, Expert! Syst. Appl.[189[ (2022)(116076.( |

[4810JM.B.[ Shaikh,[ D.[ Chai, RGB-D| data-based actionl tecognition:  a teview, Sensorsl |
210(12)[(2021)  4246.]

[49100C.[ Chen,| R.[ Jafari,l N.[ Kehtarnavaz, Action recognition| from| depthl sequences
usingl depthl motion| maps-based| locall binary  patterns, in:[ 2015 IEEE Winter
Conferencel obn Applications| off Computer! Vision, 1EEE,[ 2015,  pp.[1092-1099.[]

[50]0JL.[ Kia,[ C.-C.[ Chen,[ I.K.[ Aggarwal,  Viewl invariant humanl action| recognition! |
usingl histograms| of’ 8d[ joints,in:[ 2012[TEEEl Computerl $ociety! Conferencel onl |
Computer| Vision and| Pattern| Recognition Workshops, TEEE, 2012,  pp.[20-27.[]

[5110)Y.Xie,[J.[ Zhao, B.[Qiang, 1..[Mi, C.[ Tang, 1..[1i, Attention[ thechanism-based CNN-
LSTM modell for wind| turbinel fault| prediction| tising! $SN! ontologyl annotation,
Wirel. Commun.[Mob.[ Comput.[2021[(2021).[]

[52]10L.[ Mou, C.[ Zhou, P.[ Zhao,[ B. Nakisa,l M.N.[ Rastgoo, R. [Jain,[ W.[ Gao, Driver
stress| detection| Via multimodall fusion| iising| attention-based CNN-LSTM, | Expert
Syst.. Appl.[173((2021)(114693.

[53]10JH.[Zhou, H.[Hu, Humanl motion! tracking/ for tehabilitation—Al survey,  Biomed.
Signall Process.[ Controll 3[ (1) (2008)(1-18.[]

[5410D. Webster, 0.  Celik,  Systematicl review' ofl kinect| applications| inl elderly carel |
and| strokel tehabilitation, J. Neuroeng. Rehabilit.[ 11[(1)[ (2014)[1-24.[]

[55]JA.[Dal Gama, P.[Fallavollita,[V.[ Teichrieb, N. Navab, Motor| tehabilitation| ising
Kinect: al systematicl teview, Games| Health!.J.[4[(2)[(2015)[123-135.[]

[5610]B.[Debnath, M. O’brien, M.[ Yamaguchi, A.[Behera, A teview! of ¢omputer! vision-
based| approaches! forl physicall tehabilitation| and| assessment,l Multimedial Syst.
(2021)(1-31.1)

[5710)S.[ Sathyanarayana,| R.K.[ Satzoda,[ 5./ Sathyanarayana,[ 8. Thambipillai,l Vision-
based | patient! | monitoring:[ | al | comprehensivel | review! | of | algorithms| | and! |
technologies, J.. Ambient| intell.. Humaniz.| Comput. 9 (2) (2018)[ 225-251.[]

[58100M.A.R.[]Ahad,  A.D.[ Antar, 0. Shahid, Vision-based! action| understanding! forl |
assistivel healthcare:[ Al short! teview, in: CVPRI Workshops,[ 2019, pp.[1-11.[]

[5910A.C.[Tricco, E.[Lillie,[W.[ Zarin, K.K.[O’Brien, H. Colquhoun,[D. Levac, D.[Moher,
M.D.[Peters, T. Horsley, 1. Weeks,  ét[al., PRISMA| éxtension| for! scoping  teviews
(PRISMA-ScR):[ thecklist and[ explanation,  Ann.[ Internall Med. 169[(7) {2018)
467-473.]

[6010JD.R.[ /Walega, IDetermination| lof ldisability,  lin:[ [Essentialsl lofl IPain[ IMedicine,| |
Elsevier, 2018,  pp.[99-102.[]

[61]JS.F.[ Atashzar, [ Carriere, M. Tavakoli, Howl tanl intelligent! tobots| andl smart| |
mechatroniclmodules!facilitatelfemotel assessment, assistance, and tehabilitation! |
forl isolated| adultsl with[ heuro-musculoskeletal conditions?| Front.[ Robot. Al 8[]
(2021)[610529.

[6210K.[ Carroll, U.[ Adams, K.[ del Valle,  R.[ Forbes, R.A.[ Kennedy, A.J. Kornberg,
M.[ Vandeleur, D.[ Villano, I.R.[ Woodcock, E.M.[Yiu, et al.,[ Delivering| mul-
tidisciplinary| neuromuscular! lcarel for| children[ vial telehealth, Musclel Nervel |
(2022).

[6310G. Fan,[ X.[ Zhang, Video-based humanl motion[ estimation byl part-whole gaitl |
manifold| learning,! in:' Machine| LLearning/ forl Vision-Based Motion| Analysis,
Springer,[ 2011,[pp.[215-261.[ ]

[64][IN.K. jVIangal,[A.K. [Tiwari,l A review| bfl thel evolution off $cientific literaturelonl
technology-assisted| approaches| lising' RGB-D| sensors| for musculoskeletal health |
monitoring, Comput.[ Biol. Med.[132((2021)[104316.[

[65100M.H. Lee, D.P.[Siewiorek, A.[$mailagic, A. Bernardino, $.B.i. Badia, l.earning[fol |
assess| thel qualityl of strokel tehabilitation| éxercises, in: Proceedings of the/ 24th
Internationall Conferencel onl Intelligent| User| Interfaces, 2019, pp.[218-228.[]

[661)Y.[Liao, A.[Vakanski, M. Xian, Aldeepl learning| framework forl dssessing physical
rehabilitation| exercises, 1EEE Trans.[ Neurall Syst. Rehabil. Eng.[ 28/ {2)[(2020)
468-477.[]


http://refhub.elsevier.com/S0010-4825(23)00300-1/sb13
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb13
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb13
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb13
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb13
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb14
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb15
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb16
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb16
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb16
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb17
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb17
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb17
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb18
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb19
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb19
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb19
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb19
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb19
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb20
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb21
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb22
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb22
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb22
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb22
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb22
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb23
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb23
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb23
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb23
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb23
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb24
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb24
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb24
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb25
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb26
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb26
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb26
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb27
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb27
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb27
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb27
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb27
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb28
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb28
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb28
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb29
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb29
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb29
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb29
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb29
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb30
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb31
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb31
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb31
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb31
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb31
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb32
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb32
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb32
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb32
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb32
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb33
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb33
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb33
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb33
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb33
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb34
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb34
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb34
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb34
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb34
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb35
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb35
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb35
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb35
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb35
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb36
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb36
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb36
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb36
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb36
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb37
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb37
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb37
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb37
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb37
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb38
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb39
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb39
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb39
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb40
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb40
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb40
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb41
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb41
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb41
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb41
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb41
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb42
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb42
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb42
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb42
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb42
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb43
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb43
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb43
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb44
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb44
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb44
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb44
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb44
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb45
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb45
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb45
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb45
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb45
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb46
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb46
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb46
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb46
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb46
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb47
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb47
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb47
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb48
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb48
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb48
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb49
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb49
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb49
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb49
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb49
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb50
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb50
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb50
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb50
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb50
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb51
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb51
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb51
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb51
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb51
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb52
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb52
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb52
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb52
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb52
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb53
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb53
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb53
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb54
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb54
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb54
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb55
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb55
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb55
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb56
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb56
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb56
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb56
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb56
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb57
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb57
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb57
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb57
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb57
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb58
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb58
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb58
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb59
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb60
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb60
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb60
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb61
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb62
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb63
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb63
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb63
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb63
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb63
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb64
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb64
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb64
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb64
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb64
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb65
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb65
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb65
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb65
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb65
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb66
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb66
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb66
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb66
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb66

S. Sardari et al.

[67100Freel] and] simple[] exercisel] prescription,[] 20221 https://www.
physiotherapyexercises.com/,[ (Accessed 12[ August 2022).]

[68]10)J. Glinsky, L. Harvey,[ C.[ Sherrington,[ O.[ Katalinic, Www. physiotherapyexer-
cises.| com-new! exercises| and| features| tol helpl physiotherapists’ prescribel home
exercisel programs,[ Physiotherapyl 101[(2015)(&1381.[]

[691A.[Vakanski, H.-p..Jun, D.[Paul,[R.[Baker, Al datal setl 6f human[bodyl movements
forﬂ)hysicalBehabilitation[éxercises,D)ataﬁiﬂl)H201 8) 2.[]

[70]0]Shoulder! surgeryl éxercisel guide, 2022, https://orthoinfo.aaos.org/en/recovery/! |
shoulder-surgery-exercise-guide/. {Accessed 12[ August 2022).]

[7110A.Miron, IN.[JSadawi, JW.[JIsmail,[JH.[]Hussain,[]C.[JGrosan,[ JIntelliRehabDS[]
(IRDS)—A! dataset| off physicall rehabilitation/ movements,[ Datal 6/ (5) (2021)( 46.[ ]

[72]0L.[ Tao, A.[ Paiement,[ D.[ Damen, M. Mirmehdi,  S.[ Hannuna,[ M. ‘Camplani,
T. Burghardt,[ 1.. Craddock,” Al comparativel study’ ofl posel representation| and! |
dynamicsl modelling| forl bnlinel motion| quality assessment,  Comput. Vis. imagel |
Underst.[ 148[(2016)[136-152.

[73]10JA.[Paiement,[1..[Tao, S.[ Hannuna, M.[Camplani, . Damen, M.[Mirmehdi, Online
qualityl assessment| of human[movement! from| skeleton| data, in: British[ Machine
Vision| Conference,| BMVAl press,[ 2014, pp. 153-166./ ]

[74100M.[ ‘Capecci,l M.G.[ ICeravolo,[ F.[ Ferracuti,l S.[ Tarlori, V. Kyrki, IA.[ Monteriu,|]
L. JRomeo, [F.[ IVerdini, |Al hidden| lsemi-Markovl Imodell Ibased lapproachl Ifor! |
rehabilitationl éxercisel assessment,[J. Biomed. Inform.[78[(2018)[1-11.[J

[75]10JD. Facca,[ M.J.[ 8mith,[ J.[ Shelley,[ D.[ Lizotte, 1. Donelle,l Exploringl thel ethical
issues!in/tesearchllising| digitall datal ¢ollection| trategies/ with[inors: Alscoping
review,[ PLoS Onel15((8)[(2020)[£0237875.L]

[76][IN.[ ITakemura,| Y.[ Makihara,[ D. Muramatsu,  T.[ [Echigo,  Y.[ Yagi,  IMulti-view! |
large population gaitl dataset! andlits performancel évaluation! forl ¢ross-viewl gait
recognition,/ 1PSJ[ Trans.[ Comput.[ Vis. Appl.[ 10[(1)[ (2018)[1-14.[]

[7710C.[ Xu,[Y.[ Makihara,| R.[ Liao, H.[ Niitsuma, X.[Li, . lvagi, I.. Lu,[ Real-timel]
gait-based age estimation| and| gender! tlassification| froml al singlel image,| in:[ ]
Proceedings| off thel IEEE/CVE| Winter| Conferencel onl Applications’ ofl Computer! |
Vision,[ 2021,/ pp.[ 8460-3470.[ ]

[7810JS.[Nirjon,[ C.[ Greenwood,  C.[ Torres, 8. Zhou, J.A.[ Stankovic, H.J.[ Yoon,[ H.-K.
Ra,[ C.[Basaran,[ T.[Park, $.H.[ $on, Kintense:[ Al tobust,  accurate,[ teal-timel and[]
evolving| system| forl detecting| hggressivel Actions| from| streaming| 3D[ skeleton
data,l lin: 12014/ TEEE/ Internationall Conferencel lon[ Pervasivel .Computing| ‘andl |
Communications| (PerCom), 1EEE,[ 2014,  pp. 2-10.[]

[7910W.[]Wang, |Y.-D..]Zhang, | Alshort  surveyl Jonl |deepl]learningl Iforl I skeleton-
based| action| tecognition,[ in: Proceedings| ofl the  14th IEEE/ACM! international
Conferencel onl Utilityl and/ Cloudl Computing Companion,[ 2021, pp.[1-6.[]

[8010)c.[ /Dy, Js.lGraham, |C.[ IDepp, IT.[ INguyen,[ |Assessing physical rehabilitation |
exercises tising graphl donvolutional hetwork with(self-supervised|tegularization,
in: 2021/ 43rd[ Annual Internationall Conferencel of! Ithel TEEE[ Engineering/ inl
Medicinel & Biologyl Society, [EMBC, IEEE,[ 2021,  pp.[ 281-285.]

[8110C.-Y.[ Chang,  B.  Lange, M.[ Zhang,[ 5. Koenig,  P.[ Requejo, N.[ Somboon, A.A.
Sawchuk,[A.A.[Rizzo, Towards| pervasivel physicall tehabilitation lising[ thicrosoft
kinect,| in: 2012 6thl Internationall Conferencel bnl Pervasivel Computing/ Tech-
nologies| fforl Healthcare' [(PervasiveHealth) land Workshops, TEEE, 12012, ipp.
159-162.[]

[82]JN.M.F.[ [Franslin, |G.W. INg,[ Vision-based |dynamic| lhandl gesturel recognition
techniques| and| applications:[ Al teview, in: Proceedings| of! thel 8th International
Conference lon[ JComputationall Sciencel ‘and Technology, Springer,[ 2022, pp.
125-138.1

[831JJ.[$pooner, V.[Palade, M. Cheah,[$.[ Kanarachos,  A.[Daneshkhah, Generation of
pedestrian| trossing scenarios| tising ped-cross| generativel adversariall hetwork,
Appl.[8ci.[11[(2)[(2021) 471.[]

[8410K.J.[ ISwaroop,[ 1J.[ |Channegowda,[ IS.[IMishra,  |Al lcomplete’ loverview! lofl lsign
language! recognition| And| translation! systems, Bioinform.[ Med.[ Appl.[ Big/ Data
using Deepl Learn.[ Algorithms( (2022) 289-313.

[8510]Y.[Wang, F.[ Chang, ¥.[Wu,[ Z.[Hu,[ 1./ 1i,[P.[1i,[ P.[ Lang,[ 8. Yao, Multi-Kinects
fusion| for! full-body! tracking in[ Virtuall teality-aided  Assemblyl simulation,| int.
J.[Distrib.[Sens. Netw.[18[(5) (2022)[15501329221097591.L)

[86][IM.[ T6lgyessy, M.  Dekan,| L. Chovanec,[ P.. Hubinsky,| Evaluationl ofl thel azurel]
Kinectl and| its/ tomparisonl tol Kinect V1[ And| Kinect[ V2, Sensors| 21/ (2) (2021)
413.

[871[JH.[Sarbolandi, D. Lefloch, A.[Kolb, Kinect| tangel sensing: $tructured-light Versus
Time-of-Flight! Kinect,| Comput.[ Vis.[ Tmagel Underst. 139[(2015)(1-20.[

[8810JC.S.[ Bamji, S.[ Mehta,[ B.[ Thompson,[ T.[ Elkhatib,[S.. Wurster, 0.[JAkkaya,[ A.
Payne,lJ.[Godbaz, M. Fenton, V.[Rajasekaran,[ ét al.,[ IMpixel 65nm/BSI[320MHz
demodulated! ITOF_image! sensorl with[ 3uml globall shutter pixels| and| analog
binning,| lin:[ 2018 IEEE/ Internationall 1Solid-State! Circuits| IConference-, TEEE,| |
2018,[pp.[94-96.[

[89101.|Ar, ly.S.[Akgul,l /Al ‘computerized| recognition| 'system! Iforl ithel home-based! |
physiotherapyl lexercises| lusing| lan[ RGBD| lcamera, IEEE [Trans. INeurall |Syst.
Rehabil.[ Eng.[22((6)[ (2014)[1160-1171.[]

[90] DM‘[Capecci,[NLG.[Ceravolo,D?.D:erracuti,j‘b.Darlori,]\.D/Ionteriu,:L.D{omeo,DT.
Verdini, Thel KIMORE! dataset:[ Kinematicl assessment! 6fl movement! and! ¢linicall |
scores! for[femotelmonitoringl 6f physicall tehabilitation, TEEE Trans.[ Neural  Syst.
Rehabil.[Eng.[27[(7)(2019)[1436-1448.[]

[9110JJ. Antunes, A. Bernardino, A.[ Smailagic, D.P.[ Siewiorek, AHA-3D:[ Al labelled
dataset forlsenior!fitness éxercise/ fecognition| and segmentation/from3D[ skeletal
data.,lin: BMVC, 2018,[p.[832.[]

20

Computers in Biology and Medicine 158 (2023) 106835

[92]0JE.[Dolatabadi, Y.X.[Zhi, B.[Ye, M. Coahran, G. Lupinacci,[A.[Mihailidis, R.[Wang,
B.[Taati, Thel torontol rehabl stroke! posel dataset| tol detectl compensation during
strokel Irehabilitation| therapy,| in: Proceedings| of thel 11th[ EAIl Internationall |
Conferencel on| Pervasivel Computing Technologies' forl Healthcare,[ 2017, pp.
375-381.[1

[9310)Y.-J.L/Chang,[IS.-F.[IChen, 1J.-D.[ [Huang,| |Al lkinect-based! systeml forl Jphysical
rehabilitation: Al pilotl study! forl youngl adults  with motorl disabilities, Res. Dev.
Disabil.[ 32[(6)[(2011)[ 2566-2570.[

[94100Y.-J. Chang,  W.-Y.[ Han,[ ¥.-C.[ Tsai, Al kinect-based| ipper| limbl rehabilitation
system|_tol assistl peoplel with[ terebrall palsy, Res. Dev. Disabil. 834/ (11)[(2013)
3654-3659.]

[95]10T.-Y.[ Lin,[ C.-H.[ Hsieh,[ J.-D.[ Lee,l Al kinect-based! kysteml[ for| physicall tehabil-
itation: Utilizing tai’ chil exercises| tol improvel movementl disorders| in[ patients
with[ balancel ability, in:( 2013[7th| Asial Modelling’ Symposium, 1EEE, 2013, pp.
149-153.L1

[9610JT. Exell,[ C.[ Freeman,[ K. Meadmore,  M.[ Kutlu,l E.[ Rogers,[ A.-M.[ Hughes, E.[
Hallewell,[ U.[ Burridge, (Goall brientated| strokel rehabilitation[ utilising| electri-
call stimulation,| iterativel learning| and microsoft| kinect,in: 2013 IEEE[ 13th[
Internationall Conferencel onl Rehabilitation| Robotics, ICORR,[ 1EEE,[ 2013, pp.[]
1-6.1

[9710C.-J.[8u,[C.-Y.[ Chiang,[ J.-Y.[ Huang, Kinect-enabled home-based| tehabilitation| |
system| tising Dynamicl Time[ Warping[ and[ fuzzyl logic, Appl.[ Softl Comput.' 22
(2014)[652-666.| |

[981UJF.[ Benettazzo, 5. Iarlori,  F.[ Ferracuti,_A.[ Giantomassi, D.[Ortenzi,[ A.[ Freddi, ]
A.[Monterit,[ 8. Innocenzi, M. Capecci,l M.G.[ Ceravolo,| etl al.,[ L.owl ¢ost RGB-D
vision| based| system| tol supportl motor! disabilities| tehabilitation| atl home,| in:[]
Ambient| Assisted| Living,[ Springer, 2015, pp.[ 449-461.[|

[99]1JM.[Antunes,[R.[Baptista, G.[Demisse, D.[Aouada, B. Ottersten, Visualland human-
interpretable! feedbackl for! assisting| physicall activity,  in:[ European| Conferencel |
onl Computerl Vision,| $pringer,[ 2016,[ pp.[115-129.[

[100]10N.[Eichler, H. Hel-Or, 1..Shmishoni, D.[Itah,[ B..IGross, 5. Raz,[ Non-invasivel ]
motion analysis| for! strokel fehabilitation  tising| off thelshelfl 3d[sensors,[in:[2018
Internationall Joint/ Conferencedn/Neural Networks, LJCNN, TEEE, 2018, pp.[1-8. ]

[101101L.[Li,l ]A.[ Wakanski,l Generativel adversariall hetworks| forl generation_and! tlas-
sification ofl physical rehabilitation movement| episodes,| Int. . Mach.[ Learn.[
Comput. 8((5)[(2018) 428.[]

[10210c.[Williams, A.[Vakanski, $. Lee, D. Paul,l Assessmentlofl physicall rehabilitationl |
movements| throughl dimensionalityl reduction| and' statisticall modeling,[ Med.| |
Eng.[Phys.[74((2019)[13-22.[

[10310J.-K.[ Kim,[ K.B.[ Lee,[ J.-C.[ Kim, S.G.[ Hong,| Patientlidentification[ lbased lonl |
physicall tehabilitation| movements tising[ $keleton! data, in: 2021[ International
Conferencel onlInformation[and Communication Technology! Convergence,[ICTC,
IEEE,[ 2021, pp.[1572-1574.[]

[10410JS.H.[ Chowdhury, M. Al Amin,  A.M.[ Rahman, M.A.[ Amin, A.A.[Ali,[ Assessment
ofl rehabilitation| éxercises! from[ depthl sensor! data,| in: 2021 24th[ International |
Conferencel bnl Computer| and| Information| Technology, iCCIT, 1EEE,[ 2021, pp. ]
1-7.1

[105]01J.[ Albert,[P. Glockner, B.[ Pfitzner, B. Arnrich, Datal augmentation| of kinematic
time-series! from/fehabilitation| éxercises isingl GANs, [ in:( 2021/ TEEE/International
Conferencel on[ Omni-Layer| Intelligent Systems,  COINS, 1EEE,[ 2021, pp. 1-6.[]

[106]100M.J.[/Raihan, IM.A.R.[]Ahad, |A.-A.[/Nahid, /Automated rehabilitation[ lexercisel |
assessment| byl geneticl algorithm-optimized CNN,|in:[ 2021 Joint[ 10th! interna-
tionall Conference_onl Informatics,[ Electronics & Vision (ICIEV) and[ 2021 5th[!
International  Conferencel onl Imaging,| Vision| & Pattern| Recognition| (IcIVPR),| ]
IEEE,[ 2021, pp.[1-6.[]

[107]10JE. jVIOttaghi, [M.-R.[Akbarzadeh-T, Automaticlévaluation ofl motorl rehabilitation
exercises| based| on| deepl mixturel densityl heural hetworks, .| Biomed.[ inform.
130/(2022)(104077.]

[10810JB.[ Fernando, E.[ Gavves, J.M.[ Oramas, |A.[ Ghodrati, T. Tuytelaars, Modeling
videol evolution| forl action tecognition, in: Proceedings! of thel IEEE[ Conferencel |
onl Computerl Vision andl Pattern Recognition,[ 2015, pp.[5378-5387. ]

[109]CJC.[Esteban, $.L.[Hyland,[G.[Rétsch, Real-valued (medical) timelSeries  generation
with[ tecurrent| conditionall gans,[ 2017, arXivl preprint arXiv:1706.02633.]

[110]0J8.[1i,[W.[1i, €. Cook,[ C.[ Zhu,[¥.[ Gao, Independentlyl tecurrent! heurall hetwork
(indrnn):[ Building| al longerl land[ deeper! Irnn,| lin:[ IProceedings lofl thel IEEE |
Conferencel onl Computer! Visionl and| Pattern[Recognition, 2018, pp.[5457-5466./ |

[11110M.[Liu,[H.[ Liu,[C..Chen,[ Enhanced! skeleton| Visualization| forl iewl invariant/|
human/ action! tecognition, Pattern Recognit. 68 (2017)[346-362.]

[11210C.[1i,[Q.[ Zhong,[D. Xie,[ 8. Pu,[ Skeleton-based| actionl fecognition withl ¢onvolu-
tionall heural hetworks, in:[ 2017/ 1EEEl Internationall Conferencel on[ Multimedial |
& Expol Workshops, ICMEW,[ 1EEE, 2017, pp.[ 597-600.( |

[11310B.[Li, ly. IDai, X.ICheng, IH.[IChen, Y. ILin, IM.[ He,  Skeleton| lbased| lactionl |
recognition| lusing[ translation-scalel invariant| imagel mapping! land multi-scalel |
deepl ICNN, [ lin:[ 2017 IEEE[ International  IConferencel Jon[ Multimedial ‘& Expo
Workshops, ICMEW,[ IEEE,[ 2017, pp. 601-604.[ |

[11410Z.[ Huang, IX.[ 'Shen,[ X.[ ITian,  H.'ILi,[ 1J..'Huang,| X.-S.[ ]Hua, ISpatio-temporal
inception| graphl tonvolutionall hetworksl forl skeleton-based| action| tecognition,
in:[Proceedingslofl the[28th| ACM! Internationall Conferencel onl Multimedia, 2020,
pp.[2122-2130.[]


https://www.physiotherapyexercises.com/
https://www.physiotherapyexercises.com/
https://www.physiotherapyexercises.com/
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb68
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb68
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb68
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb68
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb68
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb69
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb69
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb69
https://orthoinfo.aaos.org/en/recovery/shoulder-surgery-exercise-guide/
https://orthoinfo.aaos.org/en/recovery/shoulder-surgery-exercise-guide/
https://orthoinfo.aaos.org/en/recovery/shoulder-surgery-exercise-guide/
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb71
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb71
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb71
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb72
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb73
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb73
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb73
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb73
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb73
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb74
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb74
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb74
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb74
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb74
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb75
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb75
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb75
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb75
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb75
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb76
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb76
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb76
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb76
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb76
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb77
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb78
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb79
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb79
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb79
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb79
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb79
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb80
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb81
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb82
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb83
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb83
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb83
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb83
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb83
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb84
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb84
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb84
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb84
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb84
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb85
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb85
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb85
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb85
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb85
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb86
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb86
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb86
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb86
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb86
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb87
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb87
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb87
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb88
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb89
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb89
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb89
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb89
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb89
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb90
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb91
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb91
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb91
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb91
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb91
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb92
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb93
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb93
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb93
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb93
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb93
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb94
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb94
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb94
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb94
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb94
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb95
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb96
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb97
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb97
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb97
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb97
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb97
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb98
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb99
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb99
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb99
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb99
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb99
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb100
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb100
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb100
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb100
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb100
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb101
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb101
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb101
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb101
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb101
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb102
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb102
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb102
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb102
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb102
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb103
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb104
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb105
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb105
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb105
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb105
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb105
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb106
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb107
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb107
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb107
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb107
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb107
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb108
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb108
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb108
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb108
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb108
http://arxiv.org/abs/1706.02633
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb110
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb110
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb110
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb110
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb110
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb111
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb111
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb111
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb112
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb112
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb112
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb112
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb112
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb113
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb114

S. Sardari et al.

[115]10B.[|Andayeshgar, [F.[|Abdali-Mohammadi, M. Sepahvand, |A.[ Daneshkhah, |A.[]
Almasi, N.[Salari,l Developing| graphl convolutionall networks andl mutual in-
formation| forl arrhythmicl diagnosis| based on multichannel ECG' $ignals, Int.[J.
Environ.[Res.[ Public/ Health[ 19 (17)[(2022)[10707.L]

[11610s.yan, . Xiong,[ ID.[Lin, ISpatial ltemporall lgraphl lconvolutional Inetworks! |
forl skeleton-based action| recognition,| in:[ Thirty-Second[ AAAIl Conferencel onl]
Artificial Intelligence, 2018.[

[11710H.[yang,[ D.[ Yan,[ L. Zhang, ¥.[ Sun, ID.[1Li,S.J. Maybank, Feedback graph
convolutionall network! for skeleton-based[ action tecognition, 1IEEE Trans. Image
Process. 31((2021)[164-175.[]

[118101.[14,[X.[Kie, Z.[ Zhao, ¥.[ Cao, Q. Pan, G.[5hi, Temporal graphl modeling| for
skeleton-based| Action| tecognition, 2020, arXivl preprintl arXiv:2012.08804.[]

[11910)Y.-F.[ Song, Z.[ Zhang,  C.[ $han, L. Wang,[ Richlyl activated’ graphl convolutional
network! for! tobustl $keleton-based  action tecognition, TEEE[ Trans.| Circuits' Syst.
Videol Technol._ 31(5) (2020)(1915-1925.[

[12010Jp.[Zhang, C.[Lan,/W.[ Zeng,[J.[Xing, J. Xue,[N.[ Zheng, Semantics-guided heural
networks! forl éfficient skeleton-basedl human!action| tecognition,|in: Proceedings
of thelTEEE/CVF|Conference  onl Computer! Visionldnd| Pattern[Recognition, 2020,
pp.[1112-1121.[]

[12110)C.[1i,[Q.[ Zhong,[ D.[Xie,[ 5. Pu,[ Co-occurrencel featurel learningl froml skeleton!]
datal for| action| tecognition[ and| detection[ With[ hierarchical  aggregation, 2018,/
arXivl preprintl ArXiv:1804.06055.[]

[122][]A.[ Radford,[ L. Metz, S.[(Chintala,  Unsupervised| representation| learning| with
deepl ¢onvolutionallgenerativel ddversarial networks, 2015, arXivl preprint[arXiv:| |
1511.06434.[]

[12310M.[Arjovsky,[ S.[ ‘Chintala, IL. Bottou, Wassersteinl generativel adversarial het-
works,| in:[ Internationall Conferencel on| Machine Learning, PMLR,[ 2017, pp.
214-223.L1

21

Computers in Biology and Medicine 158 (2023) 106835

[124]0JD.J.[ |Gladstone,[ IC.J. Danells, S.E.[ Black,| Thel fugl-meyer! assessment ofl mo-
torrecovery lafterl_stroke:[ Ja lcriticall lreviewl lofl lits| Imeasurement  Jproperties,
Neurorehabilitation Neurall Repair{ 16[{3) (2002)[ 232-240. ]

[125][JM.D.S.T.F.[ bnl Rating Scales| forl Parkinson’s Disease, Thel unified[ Parkinson’s
disease! fating/scalel (UPDRS): dtatus/ dndl fecommendations,[ Movement Disorders
18((7)((2003).738-750.L]

[126]]M.[Dyshel, D. Arkadir, H.[Bergman, D. Weinshall,[ Quantifying/levodopa-induced
dyskinesial lusing ldepthl lcamera,| lin:[ |Proceedingsl lof  lthe[ IEEE lInternational|
Conferencel onl Computer! Vision[ Workshops, 2015, pp.[119-126.[]

[127100M. Capecci,| M.G.[ Ceravolo, F.[ Ferracuti, M.[ Grugnetti, $. Tarlori, 8. Longhi, L.
Romeo, F.[Verdini,[ An[instrumentall approach| forl monitoring| physicall éxercises
in[ al visuall markerless| scenario:l Al proof_bf concept, . Biomech. 69 (2018)
70-80..

[128]JR.[ Baptista,| E.[ Ghorbel,[ F.[ Moissenet,| D.[ Aouada, A.[ Douchet,l M.[ André,[ .
Pager,[ S.[ Bouilland,[ et al., Homel self-training:| Visuall feedback! forl assisting
physicall Activityl forl strokel $urvivors,  Comput.[ Methods| Programs/ Biomed.[176
(2019)[111-120.[

[129]10JM.[ Dvornik,| 1. Hadji,' K.G.[ Derpanis,  A.[ Garg, A.[ Jepson,| Drop-dtw:[ Aligning |
commonl_signall_between| sequences’ whilel dropping| butliers, Adv.[ Neurallinf. ]
Process.| $yst.[ 34[(2021)13782-13793.[

[130]10JF.[ Zhou,[ F.[ Del lal Torre,[ Generalized! time Warping| for multi-modall Alignment
ofl humanl motion,| in:[ 2012/ {EEE[ Conferencel bnl Computer! Vision and| Pattern[ |
Recognition, 1EEE,[2012,[pp.[1282-1289.[]

[131]0JS.[8chez-Sobrino, D.N.[ Monekosso, P. Remagnino, D. Vallejo, C.[ Glez-Morcillo,
Automaticl recognition| ofl physicall exercises| performed| byl strokel survivors| tol |
improvelfemotelfehabilitation,lin:[2019 Internationall Conference  on[ Multimedia
Analysis| and| Pattern Recognition, MAPR,[ 1EEE,[ 2019,  pp.[ 1-6.[]

[132]JG.A.[Ten[Holt, M.J.[ Reinders, E.A.[ Hendriks,| Multi-dimensionall dynamic time
warping! Iforl |gesture! Jrecognition, lin:[IThirteenth |Annuall IConferencel lofl Ithel ]
Advanced| Schooll for Computing and[imaging,[¥ol.[ 300, 2007,[p.[1.[]


http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb115
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb116
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb116
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb116
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb116
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb116
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb117
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb117
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb117
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb117
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb117
http://arxiv.org/abs/2012.08804
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb119
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb119
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb119
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb119
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb119
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb120
http://arxiv.org/abs/1804.06055
http://arxiv.org/abs/1511.06434
http://arxiv.org/abs/1511.06434
http://arxiv.org/abs/1511.06434
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb123
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb123
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb123
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb123
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb123
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb124
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb124
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb124
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb124
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb124
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb125
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb125
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb125
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb125
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb125
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb126
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb126
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb126
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb126
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb126
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb127
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb128
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb129
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb129
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb129
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb129
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb129
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb130
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb130
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb130
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb130
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb130
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb131
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb132
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb132
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb132
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb132
http://refhub.elsevier.com/S0010-4825(23)00300-1/sb132

	A Open Access Coversheet (1) (1) (3)
	1-s2.0-S0010482523003001-main
	Artificial Intelligence for skeleton-based physical rehabilitation action evaluation: A systematic review
	Introduction
	Methodology of the review and its contributions
	Rehabilitation and physical exercises
	Challenges of Data Collection
	Skeleton data acquisition
	Comparative analysis of available datasets
	AI methods for Representation (feature) Learning and evaluation
	Evaluation Methods
	Evaluation Methods for Human Subjects' Actions
	Evaluation Methods for HAE system

	Summary of the detected limitations of previous studies
	Conclusion
	Declaration of Competing Interest
	Acknowledgments
	References



