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1. INTRODUCTION

Part I* of this article was devoted to discussion of the general structure of an expert system (ES) for selection of lower
limb prostheses and of its subsystems (ES for selection of prosthetics on the basis of absolute and relative contraindications,
ES for selection of units and corresponding codes, and ES for determination of parameters for fitting of prostheses). Examples
of the functioning of the separate subsystems with patients were given.

Part I1 of the article is devoted to discussion of the problems of diagnostics and evaluation of the prosthetic quality as
a subsystem, and of software and hardware for the operation of the general ES.

2. EXPERT SYSTEM FOR DIAGNOSTICS OF PROSTHETIC QUALITY

Using automated logical output which relies on a knowledge base (KB) of experts, o .crvations of the physician,
complaints of the patient, and bench testing, the ES for the evaluation of prosthetic quality (F* £PQ) was developed to reveal
defects of prosthetics, in particular for invalids with unilateral amputation of the thigh. This ES allows the determination of
the presence and extent of expression (on a scale of 0-10) of about 100 defects of prosthetics while using approximately the
same number of fuzzy' signs.

The main KB of the ES EPQ is the KB of the physician-prosthetist, where dete s of prosthetics (contraindications for
prosthetics, errors in the choice of the units of the prosthesis, and errors in the developiient of the scheme for fitting) are linked
by fuzzy relations with symptoms of the defects (complaints of the patient and visual observations of the prosthetist). A
fragment of the knowledge base is presented in Table 1.

The local system ES EPQ is based on the FOKUS system [10] and provides logical, goal, and graphic support.

Logical Support. The most probable defect and (or) group of defects are determined from the entered symptoms. The
logical output is based on fuzzy logic and allows the use of a broad range of variability of symptoms. The logical output
attempts to explain each specific symptom and has high semlmnty to the extent of its expression.

The diagnosis is expressed in percent (0-100) and shows how precisely the entered set of symptoms characterizes the
set of decisions obtained. The procedure of the logical outpu *Nows dagnostics under condiSions of sncertainty when a number
of symptoms are not determined. When a symptom is w&-‘i*s e me=rval (0-10), thus

excluding it from consideration. P
B v
.
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TABLE 1. Fragment of the KB for Making Decisions on the

Basis of Observation of the Prosthetist

Section 1

H Defects

1] Tight reception sheath

Excessive horizomtal divergence of "knee—crus! unit

Insufficient angle "X (varus prosthesis cpnstruction)

Rigid back buffer -

2
3
4] Tight knee unit
5
L}

™ Excessive equinus of foot |foot bending)
7] Excessive foruard sotion of foot
Section 2
o Svmptons
1) Cosplaint of painful stump with prosthesis
# 2| Pain in groin caused by front edge of reception sheath
3j Pain 1n perineum
4f Increase :n step width
5§ Decrease in step width
¥ 6) Accent on the healthy leg when walking
¥

Bending of bodv over the prosthesis when waiking

Leaning towvard the side with prosthesis

8
# 9| Leaning of the patient backwards
0

Cvanosis and edema of the distal segment >f Che stump

11| Hvperemia (ruber) of skin in areas of load

12) Loose-f1itting reception sheath (''outer pocketr')

% 1)) Hampered transference of the prosthesis (toe catching)

# 14) Hampered transference of bodv from prosthesis

43{ SP: sharp forward motion of prosthesis crus

16f Distance between medial line and knee hinge increased

17 Insufficient bending of prosthesis at knee hinge

18] SP: decreased amplitude of motion at knee hinge

qg9| Hesitation on heel

20§ Rotation of the heel

21Load on the outer edge of foot

22jLoad on the inner edge of foot

Section 3

an/pr 1 2 3 4 5 6 7 8
1] 7-w0 5-10
2] 7-10 =% 7-10
3 5-10 5-10 | 3-10 5-40
4
s
8 5-10 0-3
7 3-7
an/pr 9 10 1 12 13 14 15 16
1 5-10 7-10 2-10
2| 2- 5 5- 7
3 3-10 | S-10 7-10
4 5-10 1 710
s 5- 7
sl s-7 5-7 | 7-10
7| 2-5 3- 7 | 80 -
an/pr 17 18 19 20 2t 22
1
2 2= 8
3 7-10
4] s-10| s-10
5 7-40 | $-10 i
L1
7 47
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Increase of lordosis:
bending in the lumbar

¥ section of the verte-
. bral column

Bending of body over
the prosthesis when
b walking :

Transference phase:
strongly pronounced

¢ ,bending of prosthesis
crus

fransference phase:
motion of prosthesis

4 to the side

Fig. 1. Examples of graphic support in ES EPQ: a) observed
symptom "increase of lordosis: bending in the lumbar
section of the vertebral column;” b) observed symptom
"bending of body over the prosthesis when walking;" ¢)
observed symptom "transterence phase: strongly pronounced
bending of prosthesis crus;” d) observed symptom
“transference phase: motion of prosthesis to the side."”

As was already noted [2], the system can function in both forward and backward logical modes. When using backward
logical mode the user can check his hypothesis ~oncerning the presence of a specific defect (or group of defects) of prosthetics
from the initial set of symptoms. The system can either prove the sugsested hypothesis or reject it.

Goal Support. A list of recommendations for achieving-the goa! of climinating each defect is provided.

Graphic Support. To assist the physician and to support his visual ohservations a msmber of symptoms are represented
in graphic form (Fig. 1). More than 20 characteristic graphic images of defects wath ghewr linguistic descriptions are provided
by the system.

The second KB in the ES EPQ is the KB of the physician-prosthetist and engineer-prosthetist which relies on the tuzzy
links between detects of prosthetics and their symptoms obtained during bench tesung. It should be noted that this KB has
objective character only concerning the results of testing (curves, signals from kight diode, etc ) but as in the case of the
previous KB has subjective character concerning interpretation of the results of testing (link between observed symptoms and
defects).
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TABLE 2. Content of Bench Testing KB

n Ancmalies

Loose reception sheath

Insufficient rigidity of anterior foot segment

Insufficiently effective prosthesis binding
| Prosthesis too lang i

- e |-

N Symptoms

f | 5Pon the healthy extremity: additional (specific)
extrema tn.the region of main minimmn

2 |Main minimum is displaced with respect to the mean

3 SP on the healthv extremity: additional extremum
after passing the main functional minimum

4 SP on prosthesis: lack of maximum at push-of f

-] TP: HJ) amplitude is extremelv enlarged

[] Steepness of AJ graph 1s extremelv large at trans-
ference from plantar to dorsal maximum compared to
the same fragment for healthv extremity

7 |lHealthy extremity AJ shape changes from step Co step

B SP on healthy extremity: AJ shape has additional
dorsal bending ("jumping" effect)

9 |lvariability of SP is more than 40-50 msec

10 fBipedal support interval enlarged, prosthesis back

I sl 2] af af s| e o o] | 10
1fs-10 5-10 5-10)
2| s-10|  |s-10 5-10
affe-10{8-10 s-10]  [s-10 3-10
4 5-10 8-10

Notes. AJ) Ankle joint; SP) support phase;
TP) transterence phase; HI) hip joint.

The results of bench testing should be coordinated with the main KB (KB of the physician-prosthetist). Fragments of
the KB of interpretation of the bench testing [9] and the corresponding fuzzy links are presented in Table 2. Coordination of
two knowledge bases during the diagnostic process allows separation of the objective and subjective symptoms and increases
the confidence level of the evaluation of the prosthetic quality, and also fulfills the requirements of an ES of the second
generation having depth of presentation of knowledge.

All of the prosthetic defects may be provisionally divided into three main groups: detects caused by ignoring
contraindications to prosthetics; defects caused by improper choice of units and their adjustment and use; detects caused by
errors in the scheme of fitting of the prosthesis.

Diagnostics of prosthetic quality from the mentioned groups of defects is complicated because of the fact that various
prosthetic defects are expressed by a rather limited set of symptoms. There are a number of symptoms which are characteristic
ot a large group of defects; the superposition of symptoms deteriorates the real diagnostic picture; change of the walking pattern
depends strongly on the individual characteristics of the patient (type of gait, nature of the injury, age, physique, etc). As a
result the manifestation of the same prosthetic defect may be significantly ditferent in different patients. Thus, when preparing
the KB it is necessary to enter a significant supplement of symptoms to provide for stability of the logical output of the system.

For convenience in the use of the system all symptoms are divided into nine main groups: sensations of pain, changes
in the patient’s body, changes in step, figure of walking, prosthesis transference, foot, knee hinge, reception sheath, and

additional symptoms. All symptoms are informative in the sense that any obviously observed symptom is always determined
by the existence of some defect.
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TABLE 3. Defect Diagnostics

Forward logical sode n Diagnosis * %0
L) Observed symptoms Values
1} Increase in step width 10 10

" 2| Acceat on the healthv leg when walking

Bending of body over the prosthesis when walking

2 2
3 S
4| Hampered transference of the prosthesis (toe catching) 3 T
S S
L] 2

Distance between medial line and knee hinge increased 5
Load on the inner edge of foot 4
Forward logical mode n Diagnosis * 80
N Expected defects HIN  MAX
1) Excessive horizontal divergence of 'knee—crus'" unit 10 40

TABLE 4. Defect Diagnostics in the Absence of
Several Symptoms

Forvard logical mode n J1agnosis = &0
N Observed svmproms Values
1] Increase in step width 10 10
2| Accent on the healthv leg when walking 2 5
3] bending of body over the prosthesis when walking 5 7
4] Distance between medial line and knee hinge increased 5 5
Forward logical mode n Diagnosis 80
N Expected defects HIN  RAX
1] Excessive horizontal divergence of 'knee—crus' unit 9 10

TABLE 5. Diagnostics of Defect by Forward
Logical Mode and Analysis of Specific Defect b
Backward Mode

Forward logical mode M Diagnosis = 80
K Observed symptoms Values
1}Pain in groin caused by front edge of reception sheath 3 7
2 d transference of the prosthesis (toe catching) 2 L3
jjHampered transference of body from prosthesis ? 10
4jHesitation on heel 7T 10
sfRotation of the heel 7 10
Forward logical sode B Dragnosis = B0
N Expected defects - L
1] Rigid back buffer 3 i s =
2| Excessive forvard sotioe of Ssex P
Backward logical mode m Diagmesis = &2
N Expected defects =8 =
1 Rigid back buffer f =
Backward logical mode m Diagnosis ==
L Expected defects e =ax
1] Excessive forward motion of foot 2 =




TABLE 6. Diagnostics of Defects and Evaluation of
the Change in Reliability in the Absence of Several
Symptoms by the Forward:-Logical Mode and
Analysis of Specific Defect by Backward Logical
Mode ' '

Forward logical mode M Diagnosis = 7C »
N Observed svapross +. Values
1] Cooplaint of peanful stusp with prosthesis 5 5
2| Accent on the heaithy leg when valking 3 ¥
3| Cvanosis and edems of the distal segment of the stump 5 5
4| Byperemia (ruder) of skin in areas of load 5 7
5| Baspered tramsference of the prosthesis (toe catching) 3 7
8| Ssspered transference of bodv from prosthesis 5 10
7| Besitation on heel 308
Forward logical mode N Diagnosis = 70
N Expected defects RN RAX
1] Tight reception sheath 310
2| Excessive forward motion of foot o 10
Backward logical mode H Diagnosis = 40 .
N Expected defects MIN  MAX
1] Tight reception sheath 0 10
backward logical mode n Diagnosis = 40
H Expected defects HIN  MAX
1] Excessive forvard motion of foot 0 10
TABLE 7. Defect Diagnostics in the Absence of a
Symptom
Forward logical mode M Diagnosis : 70
o Observed symptoms Values
1] Pain in perineum 7 10
2| Decrease in step width 3 ®
3| Leaning toward the side with prosthesis 3 7
4| Rvperemia (rubor) of skin in areas of load 5 7
5| Loose-fitting reception sheath ('outer pocket") r 10
¢ Distance between medial line and knee hinge increased 5 7
7| Load on the outer edge of foot 3 6
Forward logical mode N Diagnosis : 70
N Expected defects HIN  HAX
“ 1) Insufficient angle "X" (varus prosthesis constructiocn) E] 10
TABLE 8. The Influence of Insufficient Expression
of Observed Symptoms on Defect Diagnostics
Forward logical mode M Diagnosis ¢ gp
N Observed symptoms Values
1] Hampered transference of the prosthesis (toe catching) 2 4
2| SP: sharp forward motion ot prosthesis crus 5 5
3] Insufficient bending of prosthesis at knee hinge 3 7
4| SP: decreased amplitude of motion at knee hinge 2 4
Forward logical mode M Diagnosis ' 90
N Expected defects MIN  HAX
1] Tight knee unit ] 6
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Prosthasis history
r_- Medical chart
= it Individual characteristics
- of patient
‘ ; Conclusion on the
5 appropriateness of
Rela = A prosthetics;
: wg:.':c;:.;h Recommendations for
= indication unit slimination of contra-
r” b . indications
Nt Physician's conclusion
‘ oy I Codes for prosthesis units
Prosthesis
'CZ'J‘ units selection b |\ Physician's conclusion
Prosthesis fit- N——am{ Prothesis fitting scheme parameters
Ki—"A ting parameter
salaction unit — Pnysician's conclusion
J Observed symptoms (bench testing,
physician's observations,
patient's complaints)
Prosthetic Results of diagnostics
K1 quality control
unit 1ons of the ES
Physician's recomsendations

¢

User interface unit |

Fig. 2. Structure of the module "prosthesis history."

We will consider a number of examples to demonstrate the functioning of the ES EPQ subsystem.

A fragment the KB of the physician-prosthetist with corresponding tuzzy links is presented in Table 1. Section | of
this table presents a list ot possible prosthetic defects, Section 2 describes a list of sympto® . which could be observed by a
physician as a result of the defects mentioned in Section I, and Section 3 preser the logical relations establishing
correspondence between the considered prosthetic defects and their visual expression. Each symptom is described by a lower
and upper limit.

The formation of a KB for the ES EPQ can be demonstrated with the following examples.

Example 1. Prosthetic defect number 6 in Section | of Table | (marked with an asterisk), "excessive equinus of foot
(foot bending)," has the following symptoms:

— "pain in groin caused by tront edge of reception sheath” (number 2, Section 2). This symptom is always present

for this detect and usually markedly expressed [interval evacuation of (5-10)];

— "accent on the healthy leg when walking” (number 6, Section 2). For this defect the considered symptom may be

moderately expressed or not expressed at all [interval evaluation of (0-5)j;

— "leaning of the patient backwards” (number 9, Section 2). This symptom is presemt and moderately expressed

[interval evaluation of (5-7)]; '

— "hampered transterence of the prostiesis (toe catching)”™ (number 13, Section 2). This symptom is present and

moderately expressed [interval evaluation of (5-7)];

— "hampered transterence of body from prosthesis” (number 14, Section Z). This symptom is always present tor this

detect and markedly expressed [interval evaluation of (7-10)]. 4

We will consider the functioning of the ES EPQ with the following complementary examples.

Example 2. The given set of symptoms can be fully explained by the presence of one detect (Table 3).

Example 3. It symptoms 4 and 6 in Example 2 are not observed the reliability of the diagnosis of the corresponding
anomaly (defect) decreases trom 90 down to 80% (Table 4).

Example 4. The given set of symptoms can be explained by the presence of the first defect (Table 5) (evaluation of
|6-10]); a second defect may be present [evaluation of (0-10)]. Analysis of this kind of result may be performed in more detail
by the backward logical mode (see Example 8 below).
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