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Abstract. Function-as-a-Service (FaaS) is a Serverless Cloud paradigm
where a platform manages the execution scheduling (e.g., resource alloca-
tion, runtime environments) of stateless functions. Recent developments
demonstrate the benefits of using domain-specific languages to express
per-function scheduling policies, e.g., enforcing the allocation of functions
on nodes that enjoy low data-access latencies thanks to proximity and
connection pooling. In this paper, we consider APP, one of the languages
proposed to specify Allocation Priority Policies in FaaS implemented on
top of the popular OpenWhisk serverless platform. The aim of our opera-
tional semantics is twofold: on the one hand, it represents the underlying
substrate necessary for the application of formal analysis techniques, on
the other hand, it can drive consistent implementations of APP on top
of the numerous serverless platforms recently proposed.

1 Introduction

Function-as-a-Service (FaaS) is a programming paradigm of the Serverless Cloud
execution model [36]. In Faa$S, developers implement a distributed architecture
by composing stateless functions and delegate concerns like execution runtimes
and resource allocation to the platform, thus focusing on implementing the busi-
ness logic. FaaS solutions include those of the main cloud [5,13,52] and open-
source alternatives [21,33,47,48].

A common denominator of these platforms is that they manage the alloca-
tion of functions over the available computing resources, also called workers,
following opinionated policies that favour some performance principle. Indeed,
effects like code locality [33]—due to latencies in loading function code and
runtimes—or session locality [33]—due to the need to authenticate and open new
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sessions to interact with other services—can substantially increase the run time
of functions. The breadth of the design space of serverless scheduling policies is
witnessed by the growing literature focused on techniques that mix one or more
of these locality principles to increase the performance of function execution,
assuming some locality-bound traits of functions [2,37-39,51,57]. Besides per-
formance, functions can have functional requirements that the scheduler shall
consider. For example, users can ward off allocating their functions alongside
“untrusted” ones—common threat vectors in serverless are limited function iso-
lation and the ability of functions to (surreptitiously) gather weaponisable infor-
mation on the runtime, the infrastructure, and the other tenants [4,8,14,59].

Although one can mix different principles to expand the profile coverage of a
given platform-wide scheduler policy, the latter hardly suits all kinds of scenar-
ios. This shortcoming motivated the introduction of a domain-specific, platform-
agnostic, declarative language, called Allocation Priority Policies (APP), for
specifying custom function allocation policies [15,19]. Thanks to APP, the same
platform can support different scheduling policies, each tailored to meet the
specific needs of a set of related functions. We validated APP by implementing
a serverless platform as an extension of the open-source Apache OpenWhisk
project [19] and showing that our APP-based version does not introduce a sig-
nificant overhead w.r.t. the vanilla one, while APP custom function scheduling
policies can improve function performance in locality-bound scenarios.

Contributions. In this paper, we address the problem of formally defining the
semantics of APP. The objective is twofold. On the one hand, to apply formal
analysis techniques we need to formalise the behaviour of FaaS systems follow-
ing the allocation policies prescribed by a given APP script. For instance, security
analysis could require checking whether the scheduler can allocate a trusted func-
tion on a worker where an untrusted one is running (and vice versa), or liveness
analysis could require checking whether the scheduler allocates a given safety-
critical function on a reliable worker every time it is required. On the other hand,
we see our formal semantics as a specification for driving APP implementations.
In fact, OpenWhisk is only one of the many open-source platforms supporting
Function-as-a-Service, and we foresee APP implemented on top of other popu-
lar platforms such as OpenFaa$S, Fission, or Knative [1,21,46]. The consistency
of several implementations of APP is fundamental to support platform-agnostic
analysis of the correctness of FaaS applications.

Lessons Learned from Rocco De Nicola. There is a third motivation behind this
contribution: we present it to the ReoCAS Colloquium organised in honour of
the 70th birthday of Rocco De Nicola. Rocco has significantly contributed to the
development of formal analysis techniques of programming languages, especially
in the context of Concurrent Systems (for which Rocco developed the notion
of testing equivalences for processes [44]), Coordination languages (see e.g., the
well-known KLAIM language [43]) and Autonomic Systems (where Rocco con-
tributed by proposing the SCEL language [45]). Some authors of this paper
collaborated with Rocco on several national and international projects, in par-
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ticular, the European Project SENSORIA—Software Engineering for Service-
Oriented Overlay Computers. Rocco covered the role of leader of a work package
dedicated to the definition of the formal semantics of process calculi for service-
oriented computing. The task was challenging due to its contrasting objectives
yet critical for the overall success of the project: the calculi had to be at the
same time simple enough to capture the essence of service-oriented computing
and support the formal investigation of its basic properties, but also sufficiently
expressive to allow for the modelling of typical programming patterns used in
the development of service-oriented systems. Under the supervision of Rocco, the
Service Centered Calculus (SCC) [10] was defined as a common effort among
several research units. In the context of the same work package, our Bologna
unit concentrated also on other aspects, in particular, correlation-based instead
of session-based communication, and defined another calculus, called SOCK—
Service-Oriented Computing Kernel [32]. The SOCK calculus supported the for-
mal investigation of the relationship between choreographies and orchestrations
in Service Oriented Computing [11], but it also drove the development of the
Jolie programming language [42], which is still actively developed, used in the
industry (spearheaded by italianaSoftware S.r.l), taught in textbooks [26] and
university courses (e.g., in Denmark, Italy, and Russia), and the subject of fruit-
ful research [22,24,25,28-31].

This work represents a natural continuation of this approach in the novel
context of Serverless Computing and FaaS. We aim to capture the foundational
properties of this new programming paradigm (in particular, aspects related to
the scheduling of functions), formalise such properties to support formal verifica-
tion techniques, and develop languages that are amenable to formal verification
and expressive enough for programming and developing FaaS systems.

Structure of the Paper. In Sect. 2, we introduce APP by presenting its syntax and
discussing informally its semantics. In Sect. 3, we report the novel contribution of
this paper: an operational semantics for APP. We discuss related work in Sect. 4
and draw concluding remarks in Sect. 5.

2 An Informal Introduction to APP

We dedicate this section to introduce APP [15,19]. We report and comment on
its syntax and describe informally its semantics, formalised in Sect. 3.

The syntax of APP, reported in Fig. 1, draws inspiration from YAML [60], a
renowned data-serialisation language for configuration files—e.g., many modern
tools use the format, like Kubernetes, Ansible, and Docker. While APP scripts are
YAML-compliant, in this paper, we use a slightly stylised version of the APP syn-
tax to increase readability (e.g., we omit quotes around strings such as * instead
of "x"). For simplicity, we also assume two minor variations. First, we cover
the whole syntax of APP [19] except for two options, strategy: platform and
invalidate: overload, which we avoid modelling within our generic reference
since they capture platform-specific rules (e.g., in Apache OpenWhisk platform
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implies the usage of its hardwired strategy, based on a co-prime heuristic selec-
tion logic [19]). Second, we rename the random strategy option to any, to point
out that we model a non-deterministic worker selection instead of a uniformly-
distributed one, as random does. This avoids introducing a more involved quan-
titative semantics to capture probability distributions, which we leave as future
work. Looking at Fig. 1 (and for the remainder of the paper), we indicate syn-
tactic units in dtalics, optional fragments in grey , terminals in monospace, and

lists with bars.

id € Identifiers n € N
app = —tlag
tag == 1id : — block followup : fopt
block = workers : w_opt strategy : s_opt invalidate : — i_opt

w_opt w=* | — id

s_opt == any | best_first

i-opt == capacity_used n% | max_concurrent_invocations n
f-opt == default | fail

Fig. 1. APP syntax

The idea behind APP’s approach to the declarative specification of function
scheduling is that functions have associated a tag that identifies some scheduling
policies. An APP script represents: i) named scheduling policies identified by a
tag and i) policy blocks that indicate either some collection of workers, each
identified by a worker id, or the universal *. To schedule a function, we use its
tag to retrieve the scheduling policy that includes one or more blocks of possible
workers. To select the worker, we iterate top-to-bottom on the blocks. We stop
at the first block that has a non-empty list of valid workers and then select one
of those workers according to the strategy defined by the block (described later).

Each APP script contains a trailing default policy which defines the schedul-
ing logic of non-tagged functions. Each policy can define a followup clause,
which specifies what to do if the scheduling of the functions fails: fail termi-
nates the scheduling while default lets the scheduler try to allocate the func-
tion following the default policy. Each block can define a strategy for worker
selection—any selects non-deterministically one of the workers in the list and
best_first selects the first worker in the list—and a list of constraints that
invalidate a worker—capacity_used invalidates a worker if its resource occu-
pation reaches the set threshold and max_concurrent_invocations invalidates
a worker if it hosts more than the specified number of functions.
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Figure2 shows an APP policy for func-

tions tagged f_tag. The policy has one h f_;c?rgk:ers-

block which restricts the allocation of the _ 1ocai Wl
function on the workers labelled local_wil _ local:wz

and local_w2 Moreover, the block specifies strategy: best_first
as invalid (for hosting the function under invalidate:
scheduling) those workers that reach a mem- - capacity_used 80%
ory consumption above 80%. Since the strat- followup: fail

egy is best_first, we allocate the function
on the first valid worker; if none are valid,
the scheduling of the function fails, with-
out trying other policies.

Fig. 2. Example APP script

3 Operational Semantics of APP

Now that we informally introduced APP and its behaviour, we proceed to for-
malise it. We define the behaviour of APP scripts as a labelled transition system
(LTS) operational semantics. In the definition of the LTS, we use these domains,
structures, and functions:

feF w € W C Identifiers
t € T C Identifiers C € C2W — Multiset(F) x N x N
rege F - NxT p€P 2T — List(B)

Il app—P b€ B= (List(W) U*) x s_opt x List(i_opt)

We use W, ranged over by w, to denote the set of workers, while F, ranged
over by f, denotes the set of functions. We use C, ranged over by C, to denote
the set of platform configurations. A configuration associates each of its workers
(in W) with a triple relating the multiset of functions (Multiset(F)) currently
allocated on that worker, the amount of resources (in N) used by such functions,
and the maximal amount of resources (also in N) available to that worker. Func-
tions are tagged to associate them with a scheduling policy. We use 7, ranged
over by t, to denote the set of tags and define reg (short for registry) as a map
that associates each function with its tag and its occupancy, i.e., the amount of
resources needed to host it. N represent the natural numbers—even considering
fractional resources, we deem naturals fine-grained enough for our purpose since
we can always convert these to N with a constant multiplying factor. We use app
to denote the set of APP scripts that follow the grammar presented in Fig. 1.

From YAML to APP Semantics’ Structures. In our formal model of APP,
we need to represent scripts as mathematical objects. Formally, we define a
straightforward encoding [-] that, given a script in app (which always termi-
nates with the default-tagged policy as previously described), returns a policy
function p (ranging over the set P) with all followups unfolded—where default
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— tag :: — default:— blockH = H— tag :: — default:— block followup: failH
[=tag :: — default:— block followup: foopt] = | [thblorkl}
t € tag =

id : — block|z = [[id : — block followup : defaultl|s

7[Zd2 — block followup : f'ailﬂ

[workers: w_opt]

|[workers: w-opt strategy : 9opﬂ

[[workers: w_opt invalidate : — i_opt]|

|[workers: w_opt strategy : s_opt invalidate : — i opt}
[*]
\

id, [block] :: b)

id, [block])

[w_opt], any, capacity_used 100% :: €)
[w_opt], s_opt, capacity_used 100% :: €)
[

[

w_opt], any, i_opt)
w_opt], s_opt, i_opt)

= (i
(
(
(
(
(

X

[—id

Fig. 3. APP Syntax Encoding.

always fails. The encoding, reported in Fig.3, inductively walks through the
syntax of the APP script and translates each fragment into the corresponding
mathematical object in P. The only notable bits of the encoding regard the
inclusion of the standard options for the missing parameters—for strategy we
set it to any and for invalidate we set it to the maximal capacity of the worker,
i.e., capacity_used 100%—and the static resolution of the followup parameter,
where we concatenate the list of blocks of the tag with the blocks of the default
one, in case the default option is present. Notation-wise, we introduce :: and ¢
to resp. indicate list concatenation and empty sequence (frequently omitted for
brevity).

LTS Rules and Examples. We can now present and comment on the rules
of the LTS on configurations, reported in Fig. 4. The semantics has three layers:
a) Configuration rules (we prefix their names with C), b) Blocks rules (prefixed
with B), and ¢) Workers rules (prefixed with W). At the bottom of Fig. 4, we
define the auxiliary relations strategy and valid, used by the Workers rules to
resp. check if a worker can be selected according to a given strategy and if the
allocation of the function does not violate any constraint on the selected worker.

Configuration Rules. The LTS in Fig. 4 has three kinds of labels, ranged over by
A: (start, f,w) indicates the allocation of an instance of function f on the worker
w, (done, f, w) denotes the deallocation of f on w, and (fail, f) traces the failure
to schedule f on the current configuration. Recalling the Cy and C; presented

above, the labelled transition Cj % C represents a reduction from the
configuration Cy to C7 upon the allocation of f on the worker wi.

We focus on the two actions that can change the state of a given configuration:
the allocation of a new function instance ([Cstre]) and the deallocation of a
function instance ([Caone])—rule [Cpaa] tracks failed scheduling attempts, but has
no effects on configurations. The rules use the function-update notation C[- +— ]
to model the allocation and removal of functions on workers. Specifically, in
[Csiart] We allocate the function by joining the multiset o of allocated functions
on the worker w with the new function instance f. We also update the current
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Workers Layer

strategy(w,s) =w w# L valid(f,w,i,C) strategy(w, s) = |

[Wrirst] — [Wenal ——
f,w,s,1,C>w f,w,s,1,C> L
(W] strategy(w,s) =w w# L  -walid(f,w,i,C) f,w\w,s,i,C>w
nert fow,s,4,C>w
Blocks Layer
(Bone] w =wNdom(C) f,w,s,i,C>w (Burwr] f,dom(C), s,4,C' >w
£.C,(@,5,7) = w R (s D) S w
(Bret] [,Cbi —mw w# L (Bueat] ,Cbi— 1L f,Cby:-- by s w
Jirst f[,Cby by > w newt [,C by by i ii by, s w

Configuration Layer

reg(f) = (n,t) pt)=b f,Cb—=w w#Ll Cw)=(o,n,m)

[Cstm't]
O LI Gl s (0 U {f} 0 +n,m)]
reg(f)=(,t) pt)=b fCb— L
[Ca] (fail.f)
C ——=C
| M Edom(©) €0 regl)=(n.)  Clw) = (in',m)
done
C L2 Ol s (o \ (S} 0 = nom)]
strategy relation and valid predicate
w if s=any Aw € {w}
strategy(w,s) = { w if s = best_first AW = w :: w’
1 otherwise
valid(f,w,i1 2 -+ 14, C) = valid(f,w,i1,C) A -+ A valid(f,w,in,C)

true if ¢ = capacity_used n%
Areg(f) = (ng, ) A Clw) = (-, neur, Nmaz)
A min(n,100) > 100 * (ncur + nf)/Nmaz
valid(f,w,,C) = < true if 4+ = max_concurrent_invocations n
A valid( f, w, capacity_used 100%, C)
A Cw) = (o, )\ n>]o|+1
false otherwise

Fig. 4. strategy and valid functions.

occupancy of the worker with the units of the function. In [Cyone], We remove
the function from the worker by subtracting one instance from ¢ and removing
its units from the current occupancy of the worker.

As an example, consider the APP script in Fig.2 and three configurations
Cy, C1, Cy. We consider an infrastructure that includes two workers: wl with
maximal capacity 10 and w2 with maximal capacity 20 and we assume that f
takes 8 units. Let Cy be the configuration where the workers have no functions
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allocated on them. To obtain C; we start from Cjy and allocate f on wil. Cy
is a reduction from C, where we schedule another time f; since w1 is full (it
cannot host f due to the invalidation conditions of f_tag), we allocate f on w2.
Formally:

Co={wl— (0, 0, 10), w2+ (@, 0, 20) }

Cy ={wl— ({f}, 8, 10), w2+ (0, 0, 20) }
Cy = { wl— ({f}7 8, 10)7 w2 — ({f}7 8, 20) }

Eq.(2)

Breal =56, blocky e —wl  wi# L1  Colwi) = (0,0,10)

reg(f) = (8,f_tag) p(f_tag) = blocky :: ¢

[Cstart] )
Co LI, Gt s (0U{£,0 4+ 8,10)]
(la)
(Coon] reg(f) = (8,f_tag) p(f_tag) = blocky :: ¢ (Bl f.Ch, block:f ne— w2 w2# L Ci(w2) = (0,0,20)

€y LSRR o a2 e (0U (£}, 0+ 8,20)]
(1b)

We illustrate the rules by considering the allocation of an instance of function
f on a worker, where p is the policy function obtained from the encoding of
the considered APP script in Fig. 2, and the configuration is Cy. The reduction,
reported in Eq. 1a, happens via rule [Cyare]. There, f has tag £_tag and p maps it
to blocky (cf. Eq.3). The third premise uses the Blocks rules ([Bys], derived in
Eq.2) to find a valid (non-1) worker (w1). We update Cy by allocating f on wi.
In Eq. 1b, we want to allocate f given configuration C;. Since w1 has insufficient
capacity (it has 8/10 of its capacity occupied by an instance of f) rule [Citart]
selects the second worker (w2)—obtaining configuration Cs.

Blocks Rules. The rules in the blocks layer embody the logic of block allocation
unfolding. Briefly, we pick the first block ([Bgrs]), and check if we can find an
eligible worker for the allocation within that block—either given a list of workers
([Bone]) or the universal ([Bs.]). If that is not the case, we continue by unfolding
the list of blocks following their order of appearance ([Brest]). Notice that, in rule
[Bstar], we abuse the list notation dom(C) to indicate the transformation of the
domain of C into a list of workers—the transformation is idempotent, i.e., the
transformations of the same set always result in the same sequence of elements.

Continuing our examples, Eq.2 shows the evaluation of block; started in
Eq. la—on the left of the operator —. We replaced block; with its components.
Nomen omen, the rule [By] successfully finds a valid worker from the first (and
only) block, using the rule [Bo..]. In that rule, we find the candidate workers at
the intersection between those provided by Cj and the ones listed in the block
(wl :: w2). Then, we use the selection rules ([Wyys], derived in Eq.3a) to find
a valid worker. We omit to report the reduction for the second scenario on C}
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since it is similar to the previous one at blocks level. However, we report in
Eq. 3b the upper layers of that reduction in order to illustrate rule [W.eu].

Eq.(3a)
_ [Weirst] -
wl w2 =wnN{wl, w2} fiwl w2, 8,4, Co>wl
f,Co, (W, s,1) — wi wl# L
f,Co, (wl w2, best first, capacity used 80% ):: e — wil
T ——

w s =
i

[Bone]

[Biirst]

strategy(wl :: w2,best first) =wl wl# 1 valid(f,wi,i,Co)

Wiirs 3a
(Wrst] fywl w2, best_first, capacity_used 80%, Cp>wl ( )
| Sy —
i
_ . - (Wiirst] — —
(Woew] strategy(w,s) =wl wl# L1 -walid(f,w1,4,Cy) fiw\wi,s,i,Cq>u2
et fywl w2, best first, capacity used 80%, C > w2
h —
w s e
(3b)

Workers Rules. The last stratum of the APP LTS semantics are the Workers
rules, which evaluate strategies s and invalidation policies i to find (if any) a
valid worker to allocate the function. The logic of this layer is to exhaustively
try to find a valid worker among the ones listed (in a block). Specifically, we
either find the first worker valid (following the strategy of the block) and use
that one ([Wprs:]) or we go through the remaining workers in the list ([Wies]),
either returning the first valid worker or reporting failure otherwise ([Wena]).

Completing our examples, Eq.3a ends the derivation from Eq. 1la and Eq. 2
via rule [Wg«]. There, the strategy relation (left-most premise) interprets the
strategy of the block and finds a worker (w1) while the valid predicate (right-
most premise) checks if the worker can support the allocation of the function—
e.g., considering the list of invalidate options of the block.

Equation 3b closes the derivation on C; and shows the logic of workers selec-
tion with invalid workers. Since w1 cannot host f (—valid(---)), in the right-most
premise, we remove it from the candidate workers and find w2 with rule [Wgs].

4 Related Work

To the best of our knowledge, this is the first presentation of a formal model to
reason on the semantics of serverless function scheduling.

Looking at the literature on serverless, we can spot proposals that
might adopt similar formal models to encode and complement desirable prop-
erties of function scheduling, otherwise implemented via ad-hoc, platform-wide
policies. For instance, some works present serverless architectures that enable
the efficient composition of functions co-located on the same host [3,49,55].
Here, APP can help to make these policies explicit and parametric, expressed in
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terms of strategies and invalidation policies. Another example regards security,
e.g., Datta et al. [14] present a serverless platform where developers can con-
strain the information flow among functions to avoid attacks due to container
reuse and data exfiltration. In this case, APP can complement flow policies with
constraints that restrict the co-tenancy of functions and their flows of commu-
nication.

Previous proposals tackled the definition of formal models that capture the
semantics of function execution—while we focus on the semantics of function
scheduling. One such model is the Serverless Kernel Calculus [23,27], where the
authors propose a core formal programming model for serverless computing that
combines concepts from both the A- and the m-calculus and study its relation
with a model of the underlying processes that execute the functions. Another
proposal by Jangda et al. [34], also drawing inspiration from the A-calculus and
process algebras, focusses on the execution details of serverless platforms, e.g.,
providing primitives to express cold/warm starts, persistence, and transactions.
We see these models as inspiration for future work, e.g., where one can pair the
execution and the scheduling layers and reason on their interactions.

Finally, future work regards extending APP to capture existing serverless
function scheduling policies [2,9,12,35,37-39,51,53,56-58], to demonstrate that
APP is a bridging technology that lets users choose the best-fitting policies given
their function profiles. The version of APP discussed in the present paper includes
the any and best_first worker selection policies and the capacity used and
max_concurrent_invocations invalidation conditions, but both the language
and its implementation have been designed to be easily extended with other
selection policies or invalidation conditions. For instance, we have already imple-
mented the extensions tAPP [18] and aAPP [16] respectively supporting policies
based on topological information or (anti-)affinity among functions.

5 Conclusion and Future Work

We started covering the ground for a rigorous treatment of FaaS scheduling.
More precisely, we have defined a formal semantics of APP, a platform-agnostic
language for FaaS scheduling policies. We define the operational semantics as
a labelled transition system on system configurations describing the functions
that are allocated for execution on each worker in the system.

One can use this operational semantics to perform an analysis of proper-
ties related to the allocation of functions on workers. For instance, as advo-
cated in [16], we expect to usages of our semantics for reachability analysis (e.g.,
detecting whether the scheduler can allocate a critical function on an untrusted
worker). In general, one can define the properties of the FaaS systems by using
temporal logics and then check their validity by using model-checking techniques.

Another application of our APP semantics is defining observational equiva-
lences or pre-orders by exploiting techniques inspired, e.g., by bisimulation [41]
or testing [44] semantics. This line of work could be useful to study refinement
hierarchies among APP script, according to which a script is a refinement of
another one when it guarantees (at least) the same set of observable properties.
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Directions for future work include capturing configurations whose workers
can change, i.e., when workers (dis)appear while the platform is running. In
such dynamic scenarios, the configuration space becomes infinite, which could
have repercussions on the complexity/decidability of the analysis techniques. We
also plan to define a timed or probabilistic semantics for APP, e.g., to specify the
expected execution time of functions on workers, or in order to model random
allocation policies which tries to balance the workload distribution. One such
model could support quantitative analysis, e.g., to estimate the completion time
of a Faa$S application or the distribution of workers’ load over time, i.e., it would
allow us to quantitatively reason on policies, e.g., whether they could lead to
bad performance or underutilisation of workers.

Another direction for future work comes from the neighbouring field of
microservices—the state-of-the-art style for cloud architectures [20]. In microser-
vices, state-of-the-art proposals for scheduling include affinity properties that
drive the allocation of microservices. Affinity can be positive, to indicate the pref-
erence/need to deploy a microservice on a machine where other, affine microser-
vices run. This case covers contexts where the microservices can increase their
performance by sharing pools of resources, libraries/runtime environments, and
efficient communication channels within the host machine. Negative affinity
is too an interesting property; when we specify that a microservice is anti-
affine with others, we mean that the scheduler cannot deploy that microser-
vice on a machine where any of the anti-affine ones run. The negative case can
help in cases where, e.g., for security reasons, we prevent the deployment of
microservices from different trust tiers, as well as avoiding contention due to the
co-location of microservices that require the same pool of resources.

Proposals in this direction to use as inspiration are by Baarzi and Kesidis [7],
who present a framework for the deployment of microservices that infers and
assigns affinity and anti-affinity traits to microservices to orient the distribu-
tion of resources and microservices replicas on the available machines; Sampaio
et al. [50], who introduce an adaptation mechanism for microservice deployment
based on microservice affinities (e.g., the more messages microservices exchange
the more affine they are) and resource usage; Sheoran et al. [54], who propose an
approach that computes procedural affinity of communication among microser-
vices to make placement decisions. Moreover, looking at the industry, Azure
Service Fabric [6] provides a notion of service affinity that ensures the place-
ment of replicas of a service on the same nodes as those of another, affine service.
Another example is Kubernetes, which has a notion of node affinity and inter-pod
(anti- )affinity to express advanced scheduling logic for the optimal distribution
of pods [40]. Overall, the mentioned work proves the usefulness of affinity-aware
deployments at lower layers than FaaS (e.g., VMs, containers, microservices).

As a final line of future work, we mention our interest in using APP as func-
tion scheduling language also in other serverless platforms, besides the already
considered OpenWhisk. In particular, we have recently developed FunLess [17],
a new platform specifcally tailored for private edge-cloud systems, and we are
currently implementing and validating an extension of FunLess with APP.
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