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A Gentle Introduction to Serverless
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Serverless Function-Execution
Scheduling « Data Locality
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Serverless Function-Execution
Scheduling « Code Locality
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Serverless Function-Execution
Scheduling « Session Locality
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The APP Language « an example

A

IIII.ﬂ

couchdb_query:

- workers:
- DB_worker? lﬁ /g\

= DB_WOrkerz ,‘ DB_worker1
strategy: random

1nva 11 da te: <« \ CouchDB instance
Scheduler
capacilty_used: 50%

followup: fail

DB _worker2

De Palma, G., Giallorenzo, S., Mauro, J., & Zavattaro, G. (2020). Allocation Priority Policies for Serverless Function-Execution Scheduling Optimisation. In E. Kafeza, B. Benatallah, F. Martinelli, H. Hacid, A. Bouguettaya, & H.
Motahari (Eds.), Service-Oriented Computing - 18th International Conference, ICSOC 2020, Dubai, United Arab Emirates, December 14-17, 2020, Proceedings (pp. 416-430). Springer.
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The APP Language » Case Study
Function_E: Agza

- workers:
— WOrke r_sj_te] Virtual Private Network
followup: fail , I I 4 i
P 4 : L) —
o L _ v T e
Function_S: -<. .’ T I
‘ I i
- workers: : Private Data : :
. loT Devices : A : L e e e e - - L - 3 =
- worker_site? b — oo : :

- worker_site] @ , \ j \
’“ S ||

strategy: random

Load Balancer Worker Worker

000’ ‘

followup: fail

Function_B:

- workers:

00

Site 2

Site 1

- worker_public_cloud

- worker_site? — Legend
» |[nvocation

- worker _sitel

strategy: best_first
followup: fail
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The APP Language « Case Study, results

OW 1

Oow2

OW3

Site 1 Site 2 Public Cloud Average (ms) 95% Average (ms)

E; 1000 0 0 1096.53 1019.03

'S 466 534 0 149.18 90.86

B, 0 90 910 105.18 64.62

Table 1. 1000 invocation for each function in the APP-based OpenWhisk deployment.

Site 1 Site 2 Public Cloud Average (ms) 95% Average (ms)

E; 1000 0 0 1159.90 1025.52

'S 19 081 0 385.30 302.08

B, 185 815 0 265.69 215.793

Table 2. 1000 invocations for each function in the vanilla OpenWhisk deployment.
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Cost-aware APP

1 ( 1sPremiumUser, par ) => {
2 1f( 1sPremiumUser ) {

3 call PremiumService( par )
4 } else {

S call BasicService( par )

6

7

- premUser:
} - workers:

. MiniSL + cAPP - wrk: W1
| . - wrk: W2

main(u,v,P,B) = if,(u, P, B) ] S
lf(I/t,P,B):P l/t: * .
#;mRBy:B 0’ strategy: min_latency

De Palma, G., Giallorenzo, S., Laneve, C., Mauro, J., Trentin, M., & Zavattaro, G. (2024). Leveraging static
analysis for cost-aware serverless scheduling policies. Int. J. Softw. Tools Technol. Transf., 26(6), 781-796.
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Cost-aware APP

// name: lambdal.miniSL
// tag: premUser
( isPremiumUser, par ) => {
1f( 1sPremiumUser ) {
call PremiumService( par )
} else {
call BasicService( par )

3

// name: lambda2.miniSL
// tag: premUser
( username, par ) => {
1f( call IsPremiumUser (username)){
call PremiumService( par )
} else {
call BasicService( par )

3

CAPP script

premUser:

workers:
- wrk: WT
- wrk: W2

strategy: min_latency
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Cost-aware APP

// name: lambdal.miniSL

// tag: premUser
( isPremiumUser,

if( 1sPremiumUser ) {

par ) => {

Inference of Cost Programs

1) call PremiumService( par )

:S } else {

Fj call BasicService( par )

— }

7 ¥

ad

>

>.4

O

Eﬂ \ 4

= if,(u,P,B) = P e
ifZ(uaPaB):B l/t—

// name: lambda2.miniSL
// tag: premUser
( username, par ) => {

1f( call IsPremiumUser (username)){

call PremiumService( par )
} else {
call BasicService( par )

b
b

WV

CAPP script

- premUser:

- workers:
- wrk: WT
- wrk: W2

strategy: min_latency

main(u,v,K,P,B) = K + max(P,B)
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Cost-aware APP

// name: lambdal.miniSL // name: lambda2.miniSL Also, max_latency: n
// tag: premUser // tag: premUser for invalidate
( isPremiumUser, par ) => { ( username, par ) => { CAPP script
1f( 1sPremiumUser ) { 1f( call IsPremiumUser (username)){
(1) call PremiumService( par ) call PremiumService( par ) - premUser:
E ) elii é servicel ) } elii é cservice( ) - workers:
ca asicService( par ca asicService( par
: ) ) - wrk: W1
% } > - wrk: W2
= Inference of Cost Programs strategy: min_latency
- : :
@,
E \ 4
L main(u,v,P,B) — lf (M,P,B) ] A 4
a ’ :
if y(u,P,B) = P u=1] main(u,v,K,P,B) = K +max(P,B) []
ifZ(”aP)B):B l/t: ]
0 ‘ W in ( W1, W2 )
:g where W.latency( PremiumService )
~ | Request for lambdal(l,v) ‘s minimal
-
O ¢ >
Z. W in ( W1, W2 )
= where W.latency( IsPremiumUser )
—
- + max( W.latency( PremiumService ),
a W.latency( BasicService ) )
] | Request for lambdaZ(u name,vV) T
5 ¢ >
N

a Cost Program Solver
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FunLess: Extending Serverless to Edge Computing

A A
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De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2024). FunLess: Functions-as-a-Service for Private Edge
Cloud Systems. IEEE International Conference on Web Services, ICWS 2024, Shenzhen, China, July 7-13, 2024, 961-967. IEEE.

8. Retrieve
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Extending Serverless to Edge Computing

Memory consumed on worker node
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De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2024). WebAssembly at the Edge: Benchmarking a Serverless Platform for Private Edge Cloud Systems. IEEE Internet Computing, (01), 1-8.
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
Hierarchical Scheduling

executes f and forwards
(f,a, Ds) to D3, which
can reach Dr

(f;a)

Base
Station

interprets g to find the
deployment target(s) for f,
e.g., D1, Dy, D5 forwards (f,a, D4) to Dy

THALES 'S LEONARDO
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks

Progressive Scheduling
executes f and forwards (f,a)| | forwards (f,a) m
<\
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<\

(f,a)

Base
Station

(f,a)

1
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interprets q to find the
directions for forwarding

the execution of f forwards (£, a)
Y,

f,a) . f,a)
D3

(f,a) .
Dy

THALES 'S LEONARDO
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
Offloading

cannot execute f, a allows
offload on K, with value 0
: on the D's cache

f,a, D)

Base |
Station (fa a, 5)
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks

AHAPP
Listing 1: ScanFireAlert policy. Listing 3: ScanPeople policy.
targets: all targets: all
attributes: attributes:
device: { camera, gpu } position: { range: 100,
lat: X, lon: Y, alt: Z }
device: {
Listing 2: AnalysePeopleScan policy. camera
targets: all gpu
affinity: { ScanPeople } rotors: { lock: true }
offload: ScanPeopleData }

THALES 'S LEONARDO
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
AHAPP

Listing 4: TrackSurvivor policy.

targets: one
attributes:
position: { range: 25,
lat: X, lon: Y, alt: Z }
device: {
camera: { lock: true }
ogpu: { lock: true }
rotors: { lock: true }

}

strategy: [ energy, position

THALES 'S LEONARDO
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Affinity-aware APP
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De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2025). Affinity-aware Serverless Function Scheduling.
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Affinity-aware APP

Configuration Mean Latency (ms) | Median Latency (ms) | 95" Tail Latency (ms)
aAPP 1547 883 3041
anti-affinity-only aAPP 2337 (+40%) 2381 (+91%) 3476 (+13%)

APP 8118 (+135%) 2648 (+99%) 60157 (+180%)
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De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2025). Affinity-aware Serverless Function Scheduling.
22nd IEEE International Conference on Software Architecture, ICSA 2025, Odense, Denmark, March 31-April 4, 2025. IEEE.
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Affinity-aware APP « Expressiveness

Deciding the
reachability/ APP
cOo-occurence
problem
Lower bound Linear

Upper bound Linear
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Affinity-aware APP « Expressiveness

Deciding the neg
reachability/ APP nolarised
cO-occurence
aAPP
problem
Lower bound Linear Linear

Upper bound Linear Linear
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Affinity-aware APP « Expressiveness

Deciding the neg 00S
Crsic:fﬁggg o APP polarised polarised
aAPP aAPP
problem
NP
Lower bound Linear Linear (reduction from
3SAT)
PSPACE
Upper bound Linear Linear (from aAPP’s
complexity)
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Affinity-aware APP « Expressiveness

Deciding the neg 00S
Crsfloc:fﬁggg o APP polarised polarised aAPP
aAPP aAPP
problem
NP PSPACE
Lower bound Linear Linear (reduction from  (reduction from
3SAT) PLANSAT)
PSPACE PSPACE
Upper bound Linear Linear (from aAPP’s | (reduction to
complexity) PLANSAT)
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A Gentle Introduction to Serverless
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Serverless = CGI

Req for fun. A

https://myApp/A

APl Gateway

[[redirects]]
from = "/cgi-bin/hello/:name"
to = "/.netlify/functions/hello?name=:name"”
status = 200

saverio.giallorenzo@gmail.com ¢ Universita di Bologna and INRIA
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Formalising APP’s Semantics

Entities
feF w € W C Identifiers
t € T C Identifiers CcC=W — Multiset(F) x Nx N
reg e F — N xX T p€P =T — List(B)

.l app =P  be B= (List(W)Ux) x s_opt x List(i_opt)

reg(f) = (n,t) pt)=b fCb—-w w#lL Cw)=(o,n,m)

(start, f,w)

C > Clw— (cU{f},n" +n,m)]

reg(f) = (+t) plt)=>b [, Cb— 1
Jailh)

w € dom(C) feo reg(f)=(n,:) Cw)=I(o,n",m)

(done, f,w)

C > Clw— (o \ {f},n" —n,m)]

[(jgtari]

De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2024). Function-as-a-Service Allocation Policies Made Formal. In T. Margaria & B. Steffen (Eds.), Leveraging Applications of Formal Methods,
Verification and Validation. REOCAS Colloquium in Honor of Rocco De Nicola - 12th International Symposium, ISoLA 2024, Crete, Greece, October 27-31, 2024, Proceedings, Part | (pp. 306-321). Springer.
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Formalising APP’s Semantics

Entities
feF w € W C Identifiers
t € T C Identifiers C cC2W — Multiset(F) x N x N
Blocks Layer reg e F - NxT peP =T — List(B)
_ _ _ _ 4 oa P be B= (ListOV) U %) x s_opt x List(i_opt
Bone] w' =wNdom(C) f,w,s,i,C>w Burus] f,dom(C), s,7,C' > w e = B (Lt L) xcs-optx Listi-ont)
o f,C, (w,s,i) = w e f,C,(*,8,1) = w
[B ] f,C,b1—>w w;éJ_ [B ] f,C,bl—>J_ f,C,bQI:---::bn%w
forst f,C. by - by — w reet f,C by ::bg i - i by > w
Configuration Layer
oy TON =) =D f.Chow w#l Cw)=(g.n'm)
start
¢ LI Gty s (0 U {fY, 0+ n,m))
reg(f) =(,t) pt)=b f,Cb— L
G (fail,f)
C — (C
Caona] 2 €dom(C) feo reg(f)=(n,-) Clw)=(o,n,m)
done
¢ L) Gl s (0 \ {f}, 0 — n,m)]

De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2024). Function-as-a-Service Allocation Policies Made Formal. In T. Margaria & B. Steffen (Eds.), Leveraging Applications of Formal Methods,
Verification and Validation. REOCAS Colloquium in Honor of Rocco De Nicola - 12th International Symposium, ISoLA 2024, Crete, Greece, October 27-31, 2024, Proceedings, Part | (pp. 306-321). Springer.

saverio.giallorenzo@gmail.com ¢ Universita di Bologna and INRIA



OLAS Meeting 2025

Formalising APP’s Semantics

Workers Layer

Wi strategy(w,s) =w w# L valid(f,w,i,C) W] strategy(w, s) = L Entities
rst — end - -
fi 0,51, C > w £.1,5,1,C L ferF w € W C Identifiers
B _ _ B _ / t € T C Identifiers C cC2W — Multiset(F) x N x N
W strategy(w,s) = w w # L ﬂvajlld(f,w,z,C’) f,w\ w,s,t,C>w g€ F s Nx T pePET s List(B)
_ : /
fw, 8,1, C>w s app— P be B = (List(W) U*) x s_opt x List(i_opt)
Blocks Layer
s w =wNdom(C) f,w,s,i,C>w Burus] f,dom(C), s,i,C>w
[ Bonc] f,C, (w,s,1) = w star f,C, (*,8,1) = w strategy relation and valid predicate
B f,C,by > w wH# L B f,C,bp — 1L  f,C,ba:i--- by, > w w if s =any Aw € {w}
[ ﬁmt] f.C by -1 by = w [ ’”’el’t] f,C.by :ibg - i by = W strategy(w, s) = { w if s =best_first A\w =w :: w’
Configuration Layer 1 otherwise
_ _ valid(f,w, i1 :: -+ 1 iy, C) = valid(f,w,71,C) A --- A valid(f,w,i,,C)
reg(f) = (n,t) p)=b fChow w#l Cw)=(o,n,m) ,
[Cstart] (start.f.w) , true if ¢ = capacity_used n¥%
C > Clw— (c U{f},n" +n,m)] ANreg(f)=(ns )N Clw) = (-, Necur, tmaz)
_ _ : >
reg(f) = (1) pt)=b £.C.b— L A min(n, 100) > 100 * (Neur + 1 f) /Mmaz
g : . o . .
| Ctai Fail.f) valid(f,w,i,C) = { true if 4 = max_concurrent_invocations n
¢ > C A valid( f, w, capacity_used 100%, C')
- w € dom(C) feo reg(f)=(n,-) C(w)=(o,n,m) A C(w) = (o, )\ n>lof+1
| Caone] (dome, f,w) /  false otherwise
C - Clw = (e \{f},n" —n,m)]

De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2024). Function-as-a-Service Allocation Policies Made Formal. In T. Margaria & B. Steffen (Eds.), Leveraging Applications of Formal Methods,
Verification and Validation. REOCAS Colloquium in Honor of Rocco De Nicola - 12th International Symposium, ISoLA 2024, Crete, Greece, October 27-31, 2024, Proceedings, Part | (pp. 306-321). Springer.
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Cost-aware APP

// tag: mapReduce
( jobs, m, r ) => {
for(i i1n range(0, m)) {
call Map(jobs, 1)
for(j 1in range(@9, r)) {
call Reduce(jobs,
]
J
J
- mapReduce:
- workers:
- wrk: W1
- wrk: W2

invalidate: max_latency

1,

J)

I

main(J,m,r,M,R) = for,(0,m,r,M,R)
fOrz(i,m,I’,M,R): M+f0r4(0,r,R)+f0r2(i+l,m,r,M,R)

fory(i,m,r,M,R) = 0O
fory(nR) = Refory(j+1,5R)
fOl"4(j,I’,R): 0

|

fLZi]
i>m+1]
r>J]

j>r+1]

Cost Expression: mx(M + r*xR)

)
W in ( W1, W2 )
where m *x( W.latency( Map )

+ r x W.latency( Reduce ) )

is < 300

saverio.giallorenzo@gmail.com ¢ Universita di Bologna and INRIA

35



OLAS Meeting 2025

Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
Software Components « Base Station

(f,0) =—- (f,a,D)
(fid,T) function scheduler (fia,7) (f,a,d)

(f,a,6) - ......
Edge/Cloud
state sentinel g

message requeston | D ST S —

function scheduling, message exchange

response on function on network drones
execution, and offload

lookup status of nodes

:  store function execution
: decisions (and set timeouts)

function execution
tracker
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Distributed Serverless Function Scheduling in Ad-Hoc Drone Networks
Software Components « Node

(f,a)
(fida ’l”‘) (f7 a, 5)

message exchange on
function scheduling,

function execution
response, and offload

lookup status of neighbours

function scheduler}: - state sentinel

lookup local function message exchange on

: . looku
workload, route requests, S status I:())f Internal state and on
decide to run functions HRYY neighbouring drones
runtime APIs o rotors
: lookup camera
(KV cache) : function HW APIs temp.
iworkload GPS

function execution runtime
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Topology-aware APP

(D7
LocalCtly

t
.

Gateway

B
CloudC'tl

Wi
| #local

#local

Local Network Public Cloud

De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2022). A Declarative Approach to Topology-Aware Serverless Function-Execution Scheduling.
In C. A. Ardagna, ... J. Zhang (Eds.), IEEE International Conference on Web Services, ICWS 2022, Barcelona, Spain, July 10-16, 2022 (pp. 337-342). IEEE.
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Topology-aware APP

critical: 13
- controller: LocalCtl_t 14
workers: 15

- *edge 16
strategy: random 17
followup: fail 18
machine_learning: 19
- controller: CloudCtl 20
workers: 21

- *cloud 22
topology_tolerance: same 23
followup: default 24

default:
- controller: LocalCtl_1
workers:
- *1nternal
strategy: random
- *cloud
strategy: random
strategy: best_first
- controller: LocalCtl_2
workers: same as above
strategy: best_first
strategy: random

De Palma, G., Giallorenzo, S., Mauro, J., Trentin, M., & Zavattaro, G. (2022). A Declarative Approach to Topology-Aware Serverless Function-Execution Scheduling.
In C. A. Ardagna, ... J. Zhang (Eds.), IEEE International Conference on Web Services, ICWS 2022, Barcelona, Spain, July 10-16, 2022 (pp. 337-342). IEEE.
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