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BACKGROUND

m  Scheduling nurses at hospital poses a daunting task across the industry,
as many medical settings lack the necessary scheduling resources.

m  Administrators are forced to resort to manual heuristics to come up with
monthly schedules. Current practices, thus, lack optimality and
efficiency.



PROBLEM STATEMENT

m Build an efficient scheduling method that utilizes forecasted hourly demand

Patient Arrival by Hour
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IP MODEL

+ +

n mn
a;ix; Qi X
Objective: min P, Z ; I | + P, E E r* _%
e £ i 4 i

10

D Z a;jxj/d; < 1r9,i=1,..,24 (overstaffing upper bound — ratio)

j=1
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(2) Z a;x;j/d; 2 ry,i=1,..,24  (understaffing lower bound — ratio)
j=1

24 10

3 Z Z Sa;;x; < B (budget constraint)

i=1j=1
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4 Z a;x;z LB,i=1,..,24 (minimum staf fing constraint)
j=1

_ {1, if shiftj occurs during hour i
~ |0, otherwise

d, nurse demand during hour i

T optimal nurse /demand ratio

19, Ty overstaffing,understaf fing bounds (ratio)

B daily budget

LB  minimum number of staf f required during any hour

ij



ASSUMPTIONS & DATA

Category

Source

Nurse Hourly Salary $33.13 Bureau of Labor Statistics (2013)' - based on average income of $68,910 per annum

Opt. Patient-to Nurse Ratio 41 California RN Staffing Ratio Law (2004)? - for Emergency Departments

Minimum # Nurses on duty 9 New York Presbyterian Hospital - Interview w/ medical professional

Budget of ED N/A Data unavailable, assumed sufficient funds - model can account for different budget sizes
ESI* Conversion Appendix 1 New York Presbyterian Hospital - Interview w/ medical professional

Patient Arrival Rates Appendix 2 New York Presbyterian Hospital - Interview w/ medical professional

* ESI (Emergency Severity Index): Five-level category for ED nurses to triage patients according to their severity, from level 1 being the most severe to level 5

1. Bureau of Labor Statistics (2013); http://www.bls.gov/ooh/healthcare/registered-nurses.htm#tab-5
2. California Department of Public Health; https://www.cdph.ca.gov/services/DPOPP/regs/Pages/N2PRegulations.aspx




Appendix 1: ESI Conversion Algorithm

ESI Conversion Algorithm

A

requires immediate yes _
life-saving intervention? 1

lno

high risk situation?

or
confused/lethargic/disorented? ek
or
severe pain/distress?
(2)

[+
how many different resources are needed?

none one many

L l

Cs}' @) danger zone o

vitals?

consider

EESI Triage Research Team, 2004. Reproduced with permission.



Appendix 2: Arrival Rate Data (NYP)

Average arrival rate by ESI Level by hour of day

hour of ESI 1 ESI 2 ESI 3 {blank) Grand Total

o-1 L0615 1.2211538 4.5673077 1.2211538 01826923 0.3750000 T7.5769231
1-2 LO0S6 154 0.8750000 3.4615385 101592308 0.1346154 0.3942308 5.8942308
2-3 DLOZEBAG2 D.6T730769 3. 48076092 0.8355385 DOTES231 0.3942308 5.4903846
3-4 0L 0000000 0.7307692 £.6346154 0.6923077 DO07TE9231 0.2115385 4.3461538
4-5 .06 154 07307692 2.5576923 0.67307T69 Q0961538 0.2307692 4. 2980769
5-6 0LO3E4615 0.6923077 2.5961538 0.7019231 0.1153846 0. 1250000 4.2692308
6-7 00192308 07307692 28653846 0.9615385 0.1153846 0.1538462 4.B461538
7-8 0.0192308 0.894 2308 40480769 1.2403846 0.1153846 0.1730769 64903846
8-9 00576923 1.5961538 6.2 7E3B462 180765923 Q.1730769 0.1826923 10.0961538
9-10 0.O576923 24326923 B.4903846 2.3942308 0.2307692 0. 1634615 13.7692308
10-11 O.6eT73077 33073077 9.2884615 2.7884615 Q. 2980762 0. 2884615 16.0480769
11-12 0.0192308 27307692 Q9.8173077 244232077 Q. 2500000 0.2692303 16.5288452
12-13 0.06F3077 3.4730769 9.7980769 257609231 0.2692308 0.3269231 16.4615385
13-14 0.O06T3077 3.4134615% 9.2211538 2.1634615 Q.1923077 0. 2788462 15.3365385
14-15 0.OBE5385 36826923 90769231 24423077 0.2403846 0.4807692 16.0096154
15-16 00576923 35192308 91730769 20865385 0.3461538 04711538 15.6538462
16-17 0.0384615 30769231 B.7T7EB4AG2 1.7930769 0.2884615 0.4326923 14.4134615
i7-18 0.0096154 30000000 7.8942308 1.6346154 0.18265923 0.5673077 132884615
18-19 0.0192308 25096154 7.5769231 L.7500000 0. 1826923 0.4230769 12.4615385
19-20 0.1057692 2.3653846 7.1826923 1.6442308 0.2115385 04326923 11.9423077
20-21 0.0O3BAG1S 2.1250000 6.8461538 16923077 0. 2403846 04134615 11.3557692
21-32 oLO6TI077 17884615 63557692 1.7307692 0.1923077 04326923 105673077
22-23 0. DD D000 15384615 54711538 14519231 0.1442308 0.3846154 B.9903846
23-24 DLOSTEI23 13173077 5. 7824615 1.5096154 0.2211538 0.3173077 9.2115385
Grand Total 0.9519231 49, 3846154 153.2500000 39.2596154 4.5T69231 7.9230769 255.3461538




MODELING

(Sample)

Nurse Scheduling
BASE CASE
[Demand 1nput Hours 1 2 3 4 5 3 7 5 5 10 11 17 13 14 15 16 17 18 19 20 21 27 23 24 Total
Nurses-to-Patient
5 i1 0oL 001 003 0p0 00l OD4 002 002 0D 006 007 002 007 007 009 006 004 00l 002 01l Op4 007 000 008
N urse Demand 4 ESiZ 122 067 073 073 63 073 0.89 160 243 332 373 3.42 341 368 352 3.08 3.00 251 237 213 179 154 132
3 =H 457 348 263 256 260 287 405 626  B49 929 982 980 922 908 947  B78 789 758 718 G685 636 547 599
3 £siq 12 084 089 067 070 08 124 18l 239 279 244 258 216 244 209 180 163 175 168 173 145 L5l
2 E5i5 018 . 008 008 020 042 042 042 047 023 030 025 027 019 024 035 029 018 048 024 018 014 022
Demand 2266 1726 1594 1306 1286 1309 1473 1977 3128 #313 5043 5230 5163 4853 5020 4884 4481 4100 3848 3689 3479 3213 2721 2789 |
[Decision Variables THours 1 2 3 4 5 3 7 8 5 10 11 1z 13 13 15 16 17 18 15 20 21 27 23 24]
L 20 shift 1 1 1 1 1 1 1 1 1 1 1 1 12
x2 14 shift2 1 1 1 1 1 5
x 3 shift3 1 1 1 1 1 5
x4 7 shift4 1 1 1 1 1 1 1 1 ]
x5 5 shift 5 1 1 1 1 1 1 1 1 ]
6 g shift6 1 1 1 1 1 1 1 ]
X7 ] 1 1 1 1 1 1 1 1 ]
= ) Decision :
x10 0 Variables i 0
[Budget Constraint Hours 1 2 3 4 5 3 7 g E] 10 11 1z 13 13 15 16 17 18 13 20 21 22 23 24]
Total hrs 453 shiftL " [4 o a” a” o " ] 20 20 20 20 20 20 20 20 20 20 20 20" o o " o" 0
O Salary/he 533.13 shiftz " of of o’ af o’ o af o’ a” o’ of a” aof o’ a” o’ 14 of a 14 14 14 14 14
Budget constra'nts Totai soloey | $16,333 | Shift3 3 3 3 3 ar ar a” o ar a” o ar a” o ar a” o ar a” o ar a” [14 a
Budget 520,000 shifta " of o’ o o’ o’ o’ a 7 7 7 7 7 7 7 [ o (14 of af (14 of o [14 0
shifts " o” 0" a” a” o” a” a” 0" a” a” 0" a” a” 0" a 5 5 5 5 5 5 5 57 a
shifte 9 9 9 9 9 9 9 9" o o o a” o” o” [ o” o” a” o” o” [ o” 4 [
shift7 " o” 0" a” a” o a a o a a o a a” 0" a” a” 0" a” a” 0" a” a” o" a
shiftg " 4 o " ao” o a” a” o o a” o o a” o o a” o [ a” o o a” o” 0
shifts 7 of [ a” a” [ a” a” [ a” a” o a” a” [ a” a” o a” a” o a” a” of a
shiftio " o” o” a” a” o” a” a” o” ar a” o” a” a” o” a” a” o” ar a” o” ar a” o” a
N urse SU pply [ supply 12 12 1 12 12 B B 36 27 27 27 27 27 27 27 25 25 5 25 15 15 15 15 1]
[Penalty Hours 5 & 7 El 1z 13 17 18 13 21 24 Total Penalty
. Pal/Nurses  LBESG 14383 13285 L0881 10713 14541 16368 05491 11585 15976 18679 1937 L8145 17374 18503 19535 17923 164 15392 15418 1831 16913 14322 19924
P naltl es Penalty 34575 42435 44253 48235 48514 4173 39047 57063 4707 39796 35319 34074 34546 36487 3546 33801 3657 30093 40763 34084 3583 38244 42536 33255
[Constraints Objective
Pu $26.50
Po $16.57 Value
Other Constraints el -
Min Ratio H
Optimal Ratio| 4
Nurses s




STAFFING COMPARISON

Status Quo Staffing IP Based Staffing

New York Presbyterian Hospital ED Nurses Project Integer Program

Nurses
g
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9 0 11 12 13 14 15 1’ 17 18 19 20 21 22 23 24
W—Shift 1 WS Shift? S Shift 3

3

1 2 3 4 5 6 7 ]
BN SHIftl B SHiff2  e—ge=Nurse Demand

Shift 4 EEEEShitS SEEESHIt6 =—g==Nurse Demand

m  Types of Shifts: 2

m  Types of Shifts: 6
m  Staffing: Manual m  Staffing: Integer Programming
m  Objective Value: $670.70 n

Objective Value: $485.95 Clozezc')soﬁmal



EXTENSIONS

oft]2]s #]s[6]7 8 9]w[ufu 1 w]s]u]y 18 wn[n[n 3 u[s[w[g = 164165165157 168 Counter
Nurse 1 60
Nurse 2 60
+ + Nurse 3 60
24 24 Nurse 4 60
% & £ Nurse 5 60
Objective: min C, ax—dy) + 6y, d;— a;x st T
i=1 I‘,=1 Nurse 8 60
Nurse § 60
= o Nurse 10 60
Co, Cy overstaf fing, understaf fing cost e e
Nurs;NG 0
Nurse N-5 60
Nurse N-4 60
Nurse N-3 60
Nurse N-2 ]
Nurse N-1 3
Nurse N 4%




LIMITATIONS AND RECOMMENDATIONS

LIMITATIONS

Current implementation treats set of nurses as equal providers of care

Model optimizes schedule for staffing in a single day

RECOMMENDATIONS

Service rates: apply service rate data for various roles to stratify model
Nurse specialists: add staffing constraints for each specialty group

Simply expand set of decision variables to account for a longer time horizon



Appendix 3: Status Quo Staffing

Nurse Scheduling

BASE CASE
[Demand input Hours 1 2 3 4 5 & 7 g E] 10 11 2 13 13 15 16 17 15 13 20 21 22 23 24 Total
Nurses-to-Patient
3 ESi T oo 0.01 0.03 0.00 0.01 0.04 0.02 0.02 0.06 o.o07 0.02 0.o7 a.o07 0.09 0.06 0.04 0.oL 0.02 011 0.0a 0.07 0.06
2 ESiz 122 088 067 073 473 069 073 089 243 332 373 342 341 LEE 35 30 300 251 237 213 LTS 132
1 E5iF 457 346 348 263 256 260 287 405 549 829 982 980 922 908 817 B7E 79 758 78 GBS 636 579
1 Esi4 122 102 084 069 067 070 096 233 279 244 258 216 244 209 164 188 173 151 39.2585.
1 ESi 5 0.18 0.13 0.08 0.08 0.10 0.12 0.12 012 0.23 0.30 0.25 027 0.19 0.24 0.35 0.23 018 0.18 0.21 0.2a 0.1s 0.22 4576823077
Demand BA4 6335 583 487 482 481 546 725 1615 1521 2003 1563 1861 1938  18k2 1713 1574 1455 1403 1314 1206 104 1033 | | 294713538
[Decision Variables Haurs 0 2 3 4 5 3 7 g E] 10 11 17 13 i 15 16 17 18 13 20 21 27 23 24]
2L 4 shift L 1 1 1 1 1 1 1 1 1 1 1 1
2 & shift2 1 1 1 1 1 1 1 1 1 1 1 1 1 13
xa 0 Shift3 a
x4 o Shift 4 a
x5 0 shift 5 a
6 a shift & a
X7 0 Shift 7 a
x8 o shift s a
X8 a shift9 \ a
X0 o Shift 10 & a
Budget Constraint Hours 1 2 3 4 5 6 7 g E] 10 11 2 13 14 15 16 17 15 19 20 21 22 23 24
Total hrs 122 Shift 1 4 4 4 4 4 4 4 4 4 4 ar a” o a” " aor a” o a” a” or a” o 0
Salary/he $33.13 shiftz 7 o a” o” a” o o” o’ o” o’ o o 6 [ 6 [ 6 I3 6 6 5 6 I3 6 6
Total salory | 54,042 shifts 7 a” a” of a” a” a” a” of a” o’ a” a” o” a” a” [ [ o’ o o [ [ o’ 0
Budget 5,000 shifta " o” a” o” a” o” [ a” or a” o” o” a” or a” a” a” a” [ a” or a” a” [ a
shifts " aor a” o a” a” or ao” [N a” a” or ao” o a” " aor ao” o a” ao” aor ao” o 0
shite 7 a” " o " ao” a” " o " ao” a” o” o " Lid a” " o o” Lig a” o” o 0
shifty 7 a” a” of a” a” a” a” of a” o’ a” a” of a” a” a” a” of a” a’ a” a” of a
shifts " a” a” A4 a” a” a” a” g a” a” a” a” g a” a” a” a” A4 a” a” a” a” g a
shifts 7 o” a” [ ao” a” or ao” o a” a” or ao” o ao” a” ao” ao” o ao” " or ao” [ a
shiftlo 7 a” o o o ao” a” " o o ao” a” " o o " a” o o o " a” o o 0
[ supply 4 4 4 4 4 4 4 4 4 4 4 3 3 3 [ 6 3 3 3 [ 6 3 3 6]
[Penaity Hours i 2 3 4 5 & 7 H 5 10 11 12 13 1 15 16 17 18 13 20 21 27 23
Pat/Nurses 21106 15986 14567 L2163 12043 12284 13654 18125 28063 4.0385 48029 33381 32821 3101 32308 31362 208538 26234 24311 23476 21907 20096 16907
Penalty 31298 3878 42129 46111 4631 45912 43642 36236 18118 10184 2128 10966 1LE93  14.893 12742 14309 18954 22803 25989 27369 29971 32971 38.253
Constraints
526.50
Fo 516.57
Max Ratio &
Min Ratia
Optimal Ratic
Nurses




Appendix 4: IP Based Staffing

Nurse Scheduling

BASE CASE
[Demand input Hours 1 2 3 4 5 5 7 8 E] 10 11 12 13 13 15 16 a7 18 13 20 21 22 23 27
Nurses-to-Patient
3 Est1 0.0 0.oL 0.03 0.00 0.01 0.04 0.02 0.02 0.06 0.08 007 0.02 o.07 0.07 0.09 0.06 fakicd 0.01 0.02 011 0.04 o.o07 0.00 0.08
2 Es12 122 088 067 073 0r 06 073 089 160 243 332 373 342 341 366 352 308 300 251 237 213 179 154 132
1 Est3 457 346 348 263 256 260 287 405 628 B49 929 982 980 922 9D 917  B78 789 758 718 685 636 547 539
1 Est4 12 12 084 088 067 070 086 181 233 279 244 258 216 244 209 180 163 175 L4 173 145 151
1 ES15 048 013 008 008 010 042 042 012 047 023 030 Q25 027 019 024 035 029 018 048 021 024 019 044 0.22
Demand 844 639 583 487 582 481 546 725 1163 1605 1921 2003 1969 1861 1938 1882 1713 1574 1450 1409 1304 1206 1004 1033 |
[Decision Variables Hours 1 2 3 4 5 & 7 8 E] 10 11 12 FE] 12 15 16 17 12 19 20 21 22 23 24]
X1 3 Shift 1 1 1 1 1 1 1 1 1 1 E]
x2 3 shift2 1 1 1 1 1 1 1 1 1 1 1 1 12
x3 o Shift 3 1 1 1 1 1 1 1 1 1 1 P}
x4 4 Shift4 1 1 1 1 1 1 1 &
%5 1 shifts 1 1 1 1 1 1 1 1 ]
x6 o shift & 1 1 1 1 1 1 &
X7 0 Shift 7 W ]
8 o shifts a
9 0 shift 3 a
*10 ] Shift 10 ;\\\ a
[Budget Constraint Hours 1 2 3 4 5 5 7 8 5 10 11 17 13 1 15 16 17 18 13 20 21 ] 23 24
Total hrs 103 shiftt 7 af o” of a” af af 0 3 3 3 3 3 3 3 3 ENg o” a” af a”f o” of a” a
Salary/hr 53313 Shift 2 3 3 3 3 3 3 ERd a" a” a” or [N a” a” a” or 0" a” a 3 3 3 3 3
Totalsalary | 53,412 shifts 7 0 o” [ o a 0 0 o a a L] 0 o a” a” o o” [ a” a” o o” a” a
Budget $4,000 shift4 7 a” o” 0" o” o o 0" o” o o L] 4 I3 4 4 4 4 4 47 a” o' o [ a
shifts 7 a” or A8 " a” a” a4 a” a 1 1 1 1 1 1 1 1" a” a” a” or A4 a" a
shifts Q 0 0 o a a” o o ao” ao” a” o ao” a” ao” ao” o or ao” ao” o” o or a
shiftz " " 0" o a” " ao” o a” " " " o a” " o” " o a” " o” o” o a” 0
shifts " a” 0" A4 a" a” a” A4 a” a” a” a” A4 a” a” a” a” a4 a” a” a” 0" g a" a
shifts 7 a” o [ or a” a” [ o aor a” " o or ao” ao” " o aor ao” ao” o o or a
shiftio 7 " of o a” o ao” o a” " o " o a” o " " o a” o " of o a” 0
Supply 3 3 3 3 3 3 3 3 3 4 4 B B & & B 5 & 4 3 3 3 3 3]
[Penalty Hours 1 2 3 4 5 5 7 8 E] 10 11 12 13 13 15 16 a7 18 13 20 21 22 23 24]
Pat/Murses  2.8141 21314 19423 16218 16058 16378 18205 24167 3875 40385 4.8029 25036 24615 23257 24231 23522 3.4269 39351 36466 46935 438l4 40192 33816 34423
Fenalty 19644 30853 34085 38395 3066 3903 36103 26228 20706 10194 2138 24788 25485 27734 26122 27296 9493 10751 58535 18434 10108 05057 10247 92382
Constraints
526,50
Fo $16.57
Max Ratio &
Min Ratio
Optimoi Ratio|
Nurses




