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Order-Sensitive Missing Value Imputation Technology for Multi-Source Sensory Data
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Abstract: In recent years, it is recognized that sensing data is growing explosively with widespread use of sensing network. Due to the
inherent hardware limitation, the randomness of distribution environment and unconscious errors during data processing, a deluge of missing
values are mingled in original sensing data. Thus, imputing the missing values is essential because most of the existed analysis tools are not
competent to the data sets containing missing values. So far, there have been many missing data imputation algorithms, however the accuracy of
these algorithms is difficult to be guaranteed in the scenario of lumped missing data. Besides, these existing algorithms don’t take the imputation

order which influences the imputation accuracy into consideration. To address the above issues, this paper proposes an order-sensitive missing
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value imputation framework called OMSMVI for multi-source sensory data. OMSMVI takes advantages of multi-dimensions relevancy, such as
temporal relevancy, spatial relevancy and attributive relevancy of sensing data adequately. The missing-sources-centered similarity graphs are
constructed based on multi-dimensions relevancy. At the same time, in the process of missing data imputation, the imputed missing values are
used as observations to impute subsequent missing values. Taking the whole distribution of missing sources into consideration, the framework
performs order-sensitive missing value imputation, meaning that the order of imputation is ascertained before applying the specific MVI (missing
value imputation) methods. Order-sensitive imputation can remit the decrease of imputed result accuracy caused by the lower similarity between
missing source and its neighbors when the missing sources are dense. Finally, a new neighborhood-based missing values imputation algorithm
NI, which modifies the KNN imputation algorithm, is introduced into the OMSMVI framework. NI uses the multi-dimension similarity to search
the missing sources’ neighbors which reflect the similarity from multiple dimensions. Such NI algorithm overcomes the shortcoming that
parameter K of KNN is difficult to determine. Furthermore, NI algorithm can improve the imputation accuracy further compared to KNN. Two
true sensor data sets are used to compare with the baseline MVI methods to verify the accuracy and effectiveness of OMSMVI.

Key words: missing values; dense missing; sensing network; sequential-sensitive imputation; multi-dimensions relevancy
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MIAERSTR] L 25 1)k ARABUE (R o AR SR (1 5 SCRENS RAIE A i 2K Bl Y500 &0 9 4 0 18 1 e 58 22 f9 1Y
WEOR B I ORAEAHADURE B 5 R A o e U WS s AE I TR L 2200 s X 3 77 T AR ARABAFE A L LB, AT 22 A
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(K932 AN Jo BT 0 B 2, TR L A 1 P 3 6 538 (10 A AURE 2 75 0%
3.2 BRKREIFIRIE BT miFik

WRAEEE 3.1 S 4310 2 4 B AH SR AS R, vy SR AR A sl 2 B a8 L 80 4 i ¢ ) 11 22 o BEARABURE . ot -k
IR A 8 0 30 AR s A T SRR UG 10 580 DA B Bk AR SRR 3o Rt i AR J3E AU ) 0 w6 B A Iy B T A
{EL TR 7€ S R 5/, g T o TR AL 1T sl 1 ot S, o 2 oo g sl 2 Sk U8 160 30 408 49 s a0 AT 9 328, 9 32 0 AR iy
LB AR ADLEE AN T 45 5 2 4k P AR ADURE (L 6 1971 s R B .

Bl 3 AT AR 1 Fp & 5 it A 1 AR 55 3.1 19 0) 22 2 AR ADURE v 51 5 S, RIS BIREAS e Rk Bodia U 5 o A L
PR 1) 2 U FEAABLE WL 2, 180388 5,=0.8, IR A e 2K B Yt 1) 3 40819 s 91 R Al 8] 3 s

Table 2 Multimodal similarity between missing sources and all sources of Table 1
R2 R PRGBS T A Btk 5 R 4 2 4 AR ABLEE

Saz Sa3 Sas Sas Sae Sa7 Sag Sa9 Sso Ss1
Saa 0.897 0.894 - 0.891 0.92 0.835 0.862 0.889 0.881 0.818
Sas 0.995 0992 0.891 - 0.755 0.694 0959 0977 0.800 0
Sa6 0.761  0.759 0.92 0.755 - 0.894 0.735 0.757 0977 0.973
Sa7 0.794 0.697 0.836 0.694 0.894 - 0.698 0.696 0.838 0.901
Sas 0.953 0956 0.862 0959 0.735 0.698 - 0.958 0.698 0.727
S4o 0973 0982 0.889 0977 0.757 0.696 0.958 — 0.803  0.749

Sas 7> Saz | Saz | Sis | Sas | S47 | Sag | Sao | Sso | Ssy
Sas > Saz | Sz | Sas | Sag | Sso | Sso

Sas 7> Saa | Sa7 | Ss0 | Ssi

Sa7 7% Sas | Sag | Sso | Ssi AR,

Sas 7% Sw2| Sz | Saa | Sis | Sae

Sao % Saz | Saz | Saa | Sis | Sag | Sso

Fig.3 Neighboring sources list of missing sources
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4.1 FRRHIERECIEEE
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J5 . E SR S S R 0 U I TR S 2 5 R T 4K 8 G 2R 1 TG 1l I BORE AL 1, I L T A s T T A e 2 54 U
VAR LA PR R /N 308 ad Tl S I ot Ao 5k 2 0040 VI %) T A6 R R 5 2830 08 74 st PR 23 A I 400, o B 2 XL 2 2 (5).
w,=1- [ (1-Sim,) (5)

speN(s;)
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L rp N (s)) 27 B 5 T A5 s, PRV T 50 HE A AR 4T B A Sty 29 B R 55 s, 100 1 22 48 S ARADLE AR 28 50(5) v 40
BRI s, BTADGS SE B AR AN BB, AN AR 155 s IR ADUSE RSO, ) s T KBS ABOK.
Al 4: LA 3 m il S K 500 <08 s (K v 5 5 SR D 9 A AABL T A 3, 75 28 £ e 2R K0 R B0 B 2 P 4() DT
i T R AR e I, E A SR AR YA S A AR R R R A s KA R e 2 L
AN 1)1 P AT 24451 3 (1 22 o FEARALLE B 41 6,=0.9 I, i 2R 504l s AR LA I U ey 3 A I R e (14 4(b) BT
7). AR Sl S B YA T RN I 8 R e R A 1 P A A LT .

(b) 6=0.9

Fig.4 Similarity graph of missing sources
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JEUHN b oD DT AR AR KT R /A T A s B 94 A 7 A R S 5 O ] P AR BB, 12 AR B PR R v, 3R A B S AN
T e AN B3 T ) A L% K

G 5 N RN I A St L R 0 A0 s (R ER 4R 220 R T ) 1 A A S0 2 ZE0HI R 1 SR ARG 5 % B T e A
SE 3 T AH B 1A TE ) SO AL P B T 3 4 S — AN 1) I BAH AL L.

Bl SET W] 4 IRk 2R B VR AE AL 4(a), B BN 2 (44,46,47,49,48,45), U1 ] 4(a) n] A0 — A )
AU, G0 5 FiR.

SofF— S AR ) AT AR NI seq, 48 SR R AAT 1) IABUHBL G A — AN DU 1 9
4% TR RURCER Sy DL 447 194 4% o A/ T 1) 5 60 MR 2 T AL Sy W A T a5 V) 4D 4% P MO 3, 12 Lo 30 D) 425 1 0 5 R
Jho AE IR I 1) A R, U B A 30 A 5K(6).

bseq) = p(s: | 5xe) ©)
i=1
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oo sl T R BRI s, SECRI B R I AR 7T SR A 2 — AN AR B U Bl JEURN J5 ) LA O A
F T )5 S I AR RN I v DR) b 7 B 58 o I, i S D ) 5 2 000 U ) A 4051 RS B 28 AR AT, Tl A (9 A
A2 B A T, 0 Csilswe) M TR s, A6 AT F TS AME I AR T 5550 R NN sy J5 5 HT B TSRS AT snp M
N psifsne) TR A ps:), LB BRI s; PTG UGB p(s) =w s 35 swo AR 24 G A K(5), /T3
P(Si|SN(i))JrLVA\ﬁ(7)-

p(S;|SN(i)):1_(1_Ws‘) H (I_Sim;‘/) N

s;€N(i)

Fig.5 Similarity digraph of missing sources (5=0.8)
'S A 1 ik R H s SR DL (6,-0.8)

B2 1. BB 5,5 s B HURME 22

S L RT ELA 0 T G002 0 B AN S35 B AT A ) 0 R JELARL 53 15 0 2 B i o A )
By 5 2 4 B0 B A7 RN, -0A o 55 R 9B A/ 50k 25 L5 ko 58 )y 0L 6 U S8 ey A 5
BRI T IR AR SR B AR 44 .

HEAR psisnin) 17 ST Hlzsny 0 I, pCs, | swi) = plsy) = w, St A3 (SYTAT: w, I B 10 2 MO U
SEREIIE AT AT, S R A1 55 1 ) RO R s L 5 A AN B, 28 2R (5) I 2 74
NI s, s RS A, AR 2 AR LA B BE LR 2N sy S S 2 I R 2 20, (7) 0 9
(ETH BRI A8 5 5 Bk = T B, T (1= Simy) #0 HTREI p(s s A, IR i5 2

s;eN ()

.

g L5181 A3HE. O

TEER 1. 45 — ARG, 308 A R R v SRR R 2 )

E B X T A5 58 I AN U AR 23 20(6) K1 78 SCRT AT :p (sl v )RR % S AT Xof I 1) BB 455 58 70 v i 4
Al LA HE 1 4. O

B 5: 3T K gt 1 PR A AL 1) P ol B s o S5 T RE SECRR L (9 B B, 38 3 R IR S5 41 4 v B 4(a) A A
VSt T2 114 358 0 TEURI B B A5 5 DA B AR 22

Table 3  Part of possible imputation sequences and their confidence and average error

R3O L EAFE PISEANR 22

TR P EREES I AMR 2
(44,46 47,4948 45) 0.587 5 0.330 6
(49,46,48,47,45,44) 0.6349 0.289 8
(45,49,46,48,44,47) 0.632 0 0.307 9
(45,48,47,44,46,49) 0.600 1 0.303 8
(48,45,44,49.47,46) 0.598 4 0.3183

M AR L AN [ SECAM U PR A5 s AN T £, B8 2 A A ), T PS8y PO SRR I, B 3 22 DN
BT LA B A 41 B A TR I ok S i) 0 IR P Ay B0 2 e vy () DL 307 ) 45 30 I 0B e A0 S B0 Ut P
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] BE AN S N SEQ={seq,,seq»,seqs,...,} SEAMNF seq; I B AR FE A b(seq;), WA IR R o 5% 1a) 851 R 45
Wk sk SEQ HhE AR B I KK P41
seq*=argmax(b(seq,-)),seq,-eSEQ.

X _E 3 ) R, T R M2 T A AT R R SRR IR, 28 HBCE A R B K AR SUAE Ay i DL SFCRI I P 45 28 e A0 A, DAL
AT NS

BiE 1 BT PSR I S

BN KR AT LU 2 (GG )

i < 35 R K D S R NI seq

1. foreach similarity graph G;e &

2. all possible imputation sequences SEQ; is
SEQ=FEnumerate(G;)={seq1,5¢qs,...}
foreach imputation sequence seq;e SEQ;

calculate its confidence b(seq;) according to Eq.(6)

end

N v kW

select the best imputation sequence seq, whose confidence is the maximum, and then
seq’ = seq; Useq, U ...

8. end

9. return seq*

AR S 1 AT 0, o G AR WG 80 A 10 I 1) 52 % B DA HR 30 O(nt),m Sy — AN AHACL I v ol 2R B U 1) A
B n BN AT R MO TR AT SRS ) R DU SECRM IR s EL 4 B B OR HL S R B 70 A O B AR (HD e BOR)
IS S5 1) 20 PR S 5 0 8 A K i SR A ) R B 22 pl ol NP M il AL DAy 1 AR AR 325 P ] 52 2% R AR SC M )
Jet e SR AT T AU SR A S5002% ) i A JELAEUIE 0) 7 P A B A ROR 5% 2R FD 5k 2 500 R i, 56 BECR P T s s 25
L2 v P9 R R 0 U 73 30 110 o 24 SR 5 SRR R 880 oy A .3 2 DR Ay 00w s 285D vy, 2 D 2% Bt K 030 W 114 3 40
SE RNV 15 22 AL PR B, 1 gt T R A SRR A RS K 38 5 n v T b, AR SR e R S xt dne A b
M PP R AT PR SR, T AL 3 AN IR

1) RS AEASARABE I 1 TR Obs R A R AT HE 5 0 336 V00 b 8 A o v 035 A R AR S b 5 52

2) WA R B YA A X A TR bR A AR R AT SR, R O i e U b e B B A o R

T 5 S 1, 2 1, 2 0 5 JAEUR B e R B GRS T 5 2 A SR 0 e 2R B R 1 2 o A
i ol

3)  EEBE DUAT RN R L HL

HARGE WS 2 MR 5005 2 Al S AE 1 05 S A S0V (R ORI ISURP e SR R o 5 I b D0 SFURI X 5 8 17
W 22K O(n), A n XIS T S22 R O(nlogn), IR k5 56 Ji— I B L BRI O R KA L, R — e B 72
o A 3 X S Y Bk 1.

BE 2. BUMBURR vk SRR K sUA.

N R B AR IR AL SR B ={G,G, )

By HH < e R B R B AR AU seq”.

1. foreach similarity graph G;e &

2 the vertexes contained in G; is V={v,v,,...}

3. while (V=null)

4

Current loop max vertex confidence c.=0
v

5. foreach vertex v;e V'
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6. If ( ¢, >c, ), then
7. Ce =cvl_,v*=vj
8. seq;k « {7y

9. Delete v* from V
10. end

11. seq” < {seq,}

12. end

13. return seq’

SR A R4 A 75 X SFURI BT e SR PR 40 A 4 PT J61-24  2R 50 U ) 2 (R AR S B 5 2 AN LSS S 1 1 IR I
AT 1B 2 T A ST, BT SR b B AR O% 2 I I R A 1 T 5 i 0 SRR 28 10 K 7
TR BEA T BEALZE 25 BRIy TR s D0 SFTRI IGF3  AN E— (7).

43 BREEUEHUL

2 SR B VR IR 6 5 I, BRI ) X e B AR AT RN B T OMSMVIF SEAMIE 2 11 4% 0 B AR 2 A
FH RSB0 110 22 A 55 A G A o) Bk SR AV 0 08 715 A AT 2 1, 08 17 R e 2k B0 0 AT TN, R AR AR T B R T S
FEW ) 28] @ P — 7 B L7 T AR B PR kR 7 v 1008 T A HE 42, 00 KINN S Rh L [Bl T BE0RR DA S T 0K
PRI ERCRR 1) 50k 5 v AR T KINN TR RN I v b 75 4 A Gl R B PR B K AN Q87 s T SR AE IR TR A,
AHL BB A AN 2 B IR R A8 7 s A AT AN )L K (B I 58 EL A TR K RO /s 2 5 3850 Pl T SELR M &5 SR 0 I
T R R IERI R B R B K (I R, 45 S BOL AR RUR G AL R i 5 A R SR AL FE ARARR PR 77 o, 36 TR o
1 B B v B 1) 8 6 T [ g by 9 5 i T g T s S AT 2 ) ) (B A AR Y TR 5 Lk 2 ) 15 3
1) 2 B M R e R, HO B3 2% B B 7y 3k ot AR S KNING BP0 kA7 o, 312 18— b7 19 3 AR RN 5 2 NI
(neighbor-based imputation). 1% 5 i AN BT K AR R /N, T A2 3 T 50 4.1 7571 2l 10 e S Bt U AR (L) A H 5 R Bt b
Bt R AR ARLRE v 145 2 UG (9 I A 3 A8 7YY R B AT SN AR SR L 0 B A Ry AN S 2 R LA AT R AR
R0, $ A T BRORR (0 T 485 A, T AR5 A AR TR B VR 1) S 1 KA AR A TR R B R S,
BT AT A M NS, = 18,810 S s} I S, HIHTHME d, WA ().

Z Siml.j-dj

5;eNs;

Z Siml.j

S;eNS;
PRAh, 5 O KNN PR 8 B ISR 9 AS [ (1 2 NT SRR B35 m o) dole 2 S50 90530 408 1) A 6 2 40 4 e S 5
36 140 22 Ak P2 AT, i = 58— AR BLE, DR ok, P T 2R el YRR (10 30 408 1Y ot 58I e 1, 1 E A8 3k — 2D 4 iy 3
AMEL R HERR .

d = ®)

L

5

e

AR 3 5 DR e S 0 X RV (R MRS M A v AR AT T SRAE SR FH P A L SE #4142 : SENSOR  Fll WEATHER,
SENSOR (http://db.lcs.mit.edu/labdata/labdata.html) % $5 42 /& H1 ¥ 2 7 Intel Berkeley S5 % /) 54 4~ Mica2 % /%
AT AAE 36 RAKTE NIRIE . WE . DGIRA SHRRERR 30s JEAT — UCR AR 210 % 22 A 4. WEATHER
P42 1 AccuWeather(http://www.accuweather.com/zh/us/united-states-weather) W 55 #2451 5€ & 30 AN i AE
— i PN TR RSB T B R AR YRR R KU SR DL R A O AR AR S B R
WA JE 1, I FLAZ NI S0 3047 3 B J5 T AR SO S 56 e A, AR SC/E WEATHER $045 JE il AR jle T — 4Bl
A TG 30 5.4 R RE AT ) TR) B4 30 UE X T 15 2R AR 1) B, AR SCHE R RE g kb B LA B3 8 4 0 A1
TR JLE AR B R 0k R A 8 R R 1 TE B DL G A A Sy B 6 F — 45 B o 2, 5 AR IR B i



L FORAHRG B R B S AR EAMIK 2343
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Fig.6 Influence of mutilmodal vs. single-modal on imputation accuracy(SENSOR)
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Fig.7 Influence of mutilmodal vs. single-modal on imputation accuracy (WEATHER)
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Fig.8 Multimodal sequential vs. random imputation on imputation accuracy (SENSOR)
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Fig.9 Imputation accuracy of multimodal sequential vs. random imputation (WEATHER)
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